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Abstract 
After more than two decades of research small satellites have matured and become a very useful 
tool for space planners. Current Attitude Control Systems (ACS) have provided the necessary 
control for these satellites, but can they do so efficiently for ftiture small satellites with even 
more agile requirements? Agility is a capability required by many of the space missions of the 
near future. Commercial and scientific small satellites will be required to be agile in order to be 
able to provide more data. Combining agility with the requirement of designing subsystems 
within even greater physical constraints such as mass, volume and power, it becomes evident 
that current ACS technology can't provide the required performance in an efficient way. In this 
thesis, an alternative and more efficient means of providing the required agile capability is 
proposed based on a novel miniaturised version of a Control Moment Gyro (CMG). 
The present thesis is a synthesis of theoretical and practical contributions into proving that 
CMGs can be a more efficient and more capable actuator than current ACS actuators, for small 
satellites. First an Attitude Control Model was designed based on CMGs in 
MATLABSIMULINKe. This model can also be used in trying out existing control schemes 
and assisting in the development of new ones. This model is also be used to clarify the issue of 
CMG torque amplification and to size a CMG system for a microsatellite. A control strategy is 
also used, based on incremental maneuvers, which demonstrates the torque amplification 
capability of CMG systems. Furthermore a practical CMG system is designed to verify the 
advantages that CMGs can provide to small satellites. First a CMG prototype (Mk. l) is 
developed to try various technologies and to prove the concept of a CMG. Then, based on those 
results, a larger and improved CMG (MK. 11) is designed. A cluster of four of these CMGs in a 
pyramid configuration is tested on an air-bearing facility and demonstrates the potential benefits 
of utilising CMGs. Finally a novel controller is designed, based on magnetic control that 
compensates for gimbal angle deviations during external disturbances. CMGs have never been 
used for small or commercial satellites before, however they can potentially become a more 
effective means of making small satellite platforms more versatile and efficient platforms than 
before. 
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1 Introduction 
Attitude Control Systems (ACS) are vital for most types of spacecraft. However, 
designing high perfortnance ACS subsystems for future high precision, agile mission 
scenarios within the stringent physical size constraints of "small satellites" (Table 1.1) 
is difficult to achieve using current ACS technologies (e. g. reaction and momentum 
wheels). 
Group Name Wet Mass 
Large satellites >1000 kg Medium-Large 
Medium satellite 5 00-1000 kg Satellites 
Mini satellite 100-500 kg 
Micro satellite 10-100 kg 
Nano satellite 1-10 kg Small Satellites 
Pico satellite <1 kg 
Table 1.1: Satellite Sizes 
1.1 PhD Thesis outline 
This Thesis describes a new approach towards the development of a new and 
innovative ACS subsystem for future small satellites. It is organised as follows: 
Chapter 2 provides an overview of ACS hardware. A future ACS system for 
microsatellites is chosen for study. The main design goal is to provide a Y/s average 
slew rate maneuvre capability for agile microsatellites. Current small satellite 
actuators, - reaction wheels (RW) and momentum wheels (MW) - are not able to 
produce the required torque for such high slew rates without excessive mass, volume 
and power demands. An analysis is also performed of the external disturbances a 
microsatellite can encounter at a typical 700 krn altitude orbit, 
In Chapter 3a Control Moment Gyroscope (CMG) is discussed as an alternative and 
more efficient actuator for small satellites. The fundamentals of CMGs are presented. 
1-1 
Under certain conditions, the torque amplification properties of such actuators enable 
them to generate very large torques. Specifically, the Single-Gimbal Control Moment 
Gyro (SGCMG) is thoroughly analysed. A mathematical model of a 4-SGCMG 
cluster is described and provides the foundation for a simulation model of a CMG- 
based attitude control system developed using the MATLABS and SIMULINKS 
software. The performance of such a system is evaluated together with a brief analysis 
of the singularity phenomenon that CMGs encounter. An overview of the methods 
currently used to avoid these phenomena is provided as part of the literature survey. 
Having analysed CMGs, a particular variant -the SGCMG- is selected to be used for a 
microsatellite class spacecraft. 
Chapter 4 discusses the reason why CMGs can be considered as torque amplifiers and 
also provides the methodology used to size a CMG system for a microsatellite. First 
the torque amplification of CMGs is addressed, and a new control strategy based on 
incremental maneuvers is discussed, which indicates a more efficient way to perform 
attitude maneuvers with CMGs. Then a CNIG system is sized and its performance is 
evaluated using the developed attitude control model. These analyses results in the 
conclusion that CMGs can potentially be a novel, more efficient ACS system than the 
current alternatives for microsatellites. 
Chapter 5 presents the practical work on the development of a CMG system for 
microsatellites. Two different versions of CMGs are discussed (MU. and Mk. 11) and 
their performance is evaluated. The MUI version is used in a cluster configuration, 
and is used to practically confirm the findings of Chapters 3 and 4. These results 
validate, in a practical way, the advantages (torque capability and power efficiency) of 
using a CMG system on a microsatellite platform. 
In Chapter 6, a new controller based on magnetic control is described. After a 
commanded maneuvre is completed, the gimbal angles of a SGCMG cluster diverge 
from their post maneuver values due to external disturbances. In such a situation the 
SGCMG system will either enter a singularity or the gimbal angles will reach 
unfavorable values for performing a subsequent maneuver. This will usually require 
the use of external torques, supplied by thrusters, to reorientate the gimbal angles to 
more favorable values. However, using a newly developed controller based on 
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magnetic control, it is shown that the gimbal angles can be compensated to a specified 
set of angles (within certain limits) without the expenditure of valuable propellant. 
The controller is able to control the gimbal angles, and enables the spacecraft to keep 
its post-maneuver orientation within small errors. Simulations are presented which 
demonstrate the effectiveness of the proposed method, as well as its novel and 
practical use in a microsatellite CMG based ACS. 
Chapter 7 provides a summary on the research work conducted. Along with a list of 
contributions and publications, some suggestions are presented on directions of future 
work related to CMG based attitude control systems. 
1.2 Coordinate Frames 
Throughout this thesis, three coordinate frames are used to represent the attitude of a 
satellite. These are an inertial reference frame, orbit reference frame and body frame. 
1.2.1 The Inertial Reference Frame 
The origin of the inertial reference frame Xj, Yj, Z, is the centre of the Earth. Yj is in 
the orbit normal direction, Z, is in the same direction as the Earth's geometric north 
pole and X, is defined in the vernal equinox direction. This particular reference frame 
is used to calculate the latitude and longitude of the satellite's centre of mass as it 
moves along its orbit. 
1.2.2 The Body Frame 
The second set of coordinates XB, YB, ZB, are referred to as the body frame. The origin 
of this frame is placed at the spacecraft centre, of mass. This frame is considered to be 
fixed in the satellite's body and is used to determine the satellite's orientation with 
respect to other reference frames (e. g. orbit reference frame) 
1.2.3 The Orbit Reference Frame 
The orbit reference frame X., Y,,, Z, has its origin located at the satellite's centre of 
mass. The 7. ý is defined in the nadir direction (i. e. pointing towards the center of 
Earth), the Y,, axis is in the orbit anti-normal direction and X. completes the 
orthogonal set. Figure 1.1 depicts all three described reference frames. 
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Figure 1.1: Coordinate Frames 
1.3 Attitude Motion of Spacecraft: Representation and Attitude 
Dynamics 
The motion of a spacecraft presents two dynamic aspects of interest. Classical 
dynamics allows under certain general conditions for the motion of a body to be 
treated as the combination of two motions: a translational motion of the centre of 
mass and a rotation of the body about the centre of mass. The theory of attitude 
control generally considers only the second effect and ignores the first. The equation 
of motion of attitude dynamics can be divided into two sets: the dynamic equations of 
motion and the kinematic equations of motion. The dynamic equations of motion 
express the time dependence of the spacecraft body angular rate. These are necessary 
for dynamic simulations and for attitude prediction whenever gyroscopic 
measurements of the angular rate are unavailable. The kinematic equations of motion 
are a set of first-order differential equations specifying the time evolution of the 
attitudc parameters [Wcrtz 1978]. 
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1.3.1 Attitude Representation 
Spacecraft attitude can be represented by a direction cosine matrix. Attitude 
quatemions are usually preferred in numerical computation. But the geometrical 
significance of Euler angles is more obvious (particularly for small rotations). Euler 
angles are often specified at the input and output to the computation [Wertz 1989]. 
They are also useful for analysis, especially for finding closed-form solutions to the 
equations of motion in simple cases. Euler angles are also commonly employed in 
representing the attitude of a three-axis stabilised spacecraft when small angle 
approximations can be used. 
In an Euler angle expression, there are 12 possible sequences of rotation. These angles 
are obtained from an ordered series of right hand positive rotations from a referenced 
X. Y. Z. to a XBYBZB set of spacecraft body axes. The 2-1-3 sequence of rotations is 
used in this thesis (as see in Figure 1.2). The first rotation is 0 around the initial Y. 
axis. The next rotation is 0 around the X13' axis. The last rotation is V/ around the ZB 
axis. Then the attitude matrix A which transforms the vector from the referenced 
X. Y. Z.,, coordinates to the final spacecraft body coordinates XYZ can be described as 
follows [Wertz 1978]: 
CIP CO + sy SPSO sTCP -CYSO+CYSPCO 
A= -sycO+cyspsO cyop sysO+cyspcO 
CPSO -sp CqqCo 
where 
roll angle O= pitch angle Vf= yaw angle 
c= cosine function s= sine function 
(1-1) 
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Figure 1.2: 2-1-3 Euler angle rotation 
xf 
For an Earth-pointing satellite, the attitude matrix A is defined to transform the vector 
from local-vertical-local-horizontal referenced coordinates (i. e. orbit-referenced 
coordinates) to the satellite body coordinates. The rotation angles 0,0 and V/ are 
respectively called the roll, pitch, and yaw angles, collectively known as the Euler 
angles. 
The geometrical meaning of the Euler angle representation is reasonably self-evident. 
However, the kinematic equations using Euler angles involve nonlinear and 
computationally expensive trigonometric functions. In any case, the angles become 
undefined for some rotations, which can cause problems in Kalman filtering 
applications. 
'W! "I'll-C-1 
Direction Roll 
Yaw 
Pitch 
Figure 1.3: Roll, Pitch and Yaw angle of an Earth pointing satellite 
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An alternative attitude representation uses Eulers symmetric parameters. These have 
no singularities. The widely used quaternion representation is equivalent. The attitude 
matrix, expressed in quaternion form, is given by: 
2_2_22 
q, q2 q3 + q4 
A= 2(qlq2 -q3q4) 
2(qlq 3+ q2q4) 
2(qlq2 +q 3 q4) 
22_22 
-ql +q2 q3 + q4 
2(q2q3 -qlq4) 
2(qlq 3- q2q4) 
2(q2q3 +qlq4) 
-q 
2 
-q 
2 
+q 
2 
+q 
2 
1234 
(1-2) 
where 
q= [q, q2 q3 q4 
]T= 
attitude quaternion with respect to orbit-referenced 
coordinates. 
The four elements of the quatemion vector q are not independent. The sum of the 
square of four elements is always equal to I [Wertz 1978]: 
2222=I 
q, +q 2 +q3 +q4 (1-3) 
1.3.2 Dynamic Equations of Motion 
The fundamental equation for the attitude dynamics relates the time derivative of the 
angular momentum vector, dWdt, to the external torque, Next, known as Euler's 
equations of motion. This equation is given by the Euler equation as (assuming no 
variation of moment of inertia) [Wertz 1978]: 1 
I Cx 10), *0 IB = Next -'D) BB (14) 
where, 
I 
=[( Ox 66 (0,6 0 0, 
]T= 
inertially referenced body angular rate vector Y 
I. Ily I. 
moment of inertia tensor of the spacecraft (MOI) 
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Next -= 
[Nxt-x N,, t-y N,, t, 
IT = external torque vector including active control 
torques generated by thruster and magnetorquers, and environmental disturbance 
torques 
If the spacecraft is equipped with reaction/momentum wheels, CMGs and thrusters it 
is not a rigid body. With the influence of the gravity gradient, reaction wheel or CMG 
angular momentum and MOI variation due to the thruster propellant loss, the 
dynamics equation in a body-fixed frame can be expressed as: 
6) 'B=NGG+Nm+NT+ND -i (0 'B - 0) 'B x (10) IB+h)-fi (1-5) BBBB 
where, 
NGG =[NGG., NGGx NGG., 
]T 
= gravity-gradient torque vector 
h= [h,, h, h., 
]T= 
CMG relative angular momentum vector 
T 
Nm= [NAt, Nmy N Ak = applied torque vector by 3-axis magnetorquers 
NT= [N,, applied torque vector by 3-axis thrusters N NTý TY 
ND= [Ndý, Ndy Nk 
T 
external disturbance torque vector 
1.3.2 Kinematic Equations of Motion 
The attitude kinematic equation using quaternion representation for an Earth-pointing 
satellite is given by [Wertz 1978]: 
I 
Qq =I A(q)(oBo 22 
where 
0). - 0). Y W.. 
- w. 0 w.. 0%y ü= 
w.. 0 w.. 
wýY - w. 0 
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q4 -q3 q2 
q3 q4 -ql A(q) 
-q2 q, q4 
_- 
q, -q2 -q3- 
(oO=[co,,. co., o).. 
]'= body angular velocity relative to orbital coordinates B 
The vector (oB' can be given by: 
wo = o)' -, AO) B 
If we assume the satellite has a near circular orbit with orbital angular rate op, then 
0] is a constant orbital rate vector. 
When the quaternion is used directly in the control algorithms, it will be convenient to 
define an attitude quaternion error. The quaternion error will be the quaternion 
difference between the current quaternion and the commanded quaternion. It can be 
represented by [Wertz 1978, Steyn 1995]: 
ql, q4c q3c - q2c - qlc q, 
q2e -q 3c q 4c ql,: - q2c q2 
q 3e q 2c q 4c - q3c q3 
y4e 
-j 
ql,, q2c q3c q 4c - 
Lq4. 
j 
where 
q, = [ql, q2e q3e q4e 
T= 
aftitude quaternion error 
q, = [ql, q2, q3c q4c 
T= 
quaternion command 
(1-10) 
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2 Attitude Control Subsystems (ACS) for Small 
Satellites 
The ACS system stabilises the spacecraft and orientates it in desired directions during 
the mission, despite the external disturbance torques acting upon it. This requires the 
vehicle to use sensors to determine its attitude and actuators to control it. 
2.1 Overview of ACS Actuators and Sensors 
ACS Hardware 
Actuators Sensors 
Figure 2.1: ACS Hardware 
ACS hardware is composed of actuators and sensors: 
2.1.1 Actuators 
Actuators can be divided into inertial and non-inertial actuators. Inertial actuators are 
devices that generate torques, by modifying their angular momentum. They can be 
grouped into three categories: 
1. Momentum Wheels (MW): They provide constant angular momentum for 
gyroscopic stabilisation. Orientation of the spin axis is fixed with respect to 
inertial space. Attitude Control is achieved by varying the spin speed of the 
wheel about some nominal value. 
2. Reaction Wheels (RW): They provide torque to a vehicle by increasing or 
decreasing the speed of the wheel, with the wheel nominally at rest. 
3. Control Moment Gyroscopes (CMG): A momentum wheel gimballed in one or 
two axes. Control torques are generated by changing the direction of the 
momentum vector, by changing the direction of the spinning wheel's axis. 
CMGs are detailed in Chapter 3. 
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Non-inertial actuators: 
1. Magnetic torquers (MT): Magnetic coils or electromagnets that generate 
magnetic dipole moments, M. A magnetic torquer produces torque 
proportional (and perpendicular) to Earth's magnetic field, B. It is often used 
as a second actuator on spacecraft to desaturate momentum exchange systems. 
2. Tbrusters: Produce a thrust (force) or torque around the centre of mass by 
expefling mass. 
2.1.2 Sensors 
Sensors provide measurements in order to determine the vehicle's attitude. The 
references used could be the direction to the Sun, the Earth's Infra Red (IR) horizon, 
the local magnetic field direction, or the stars. Such measurements (e. g. Sun angles) 
are measured as body-centred angular directions of a vector within the body frame. 
Each vector measurement provides two out of the three required parameters (pitch, 
roll and yaw) needed for attitude knowledge and at least two independent references 
are required to obtain full attitude knowledge. Inertial sensors (e. g. gyroscopes) can 
provide short-term relative attitude measurements between such measurement 
updates. Table 2.1 provides a summary of these sensors. 
Attitude Sensor Performance Mass (kg) Power (W) 
Inertial Measurement 
Unit 
Gyro drift rate: 0.003' /hr to 
1'/hr 
3-25 10-200 
Sun Sensor Accuracy: 0.001* to 31 0.5-2 0-3 
Star Sensor Accuracy: 0.0003 11 to 0.1 1 0.5-7 4-20 
Horizon Sensor Accuracy: 0.051 to 111 2-5 0.3-10 
Magnetometer Accuracy: 0.5* to 31 0.15-1.2 <1 
Table 2.1: Attitude Sensors [Steyn 1995, Wertz 19781 
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2.2 Future MicrosateRite ACS 
The next generation of microsatellites will require more capable ACS with an 
increased slew rate and stability performance, within the same or greater physical 
constraints imposcd by such small satellitcs. 
2.2.1 Microsatellite mission requirements and analysis 
A future ACS actuator needs to be powerful in terms of torque, and yet needs to meet 
the low power, mass and volume requirement of small satellites. An additional 
requirement for many of these missions is low cost. The ACS system will need to 
provide two main functions: 
1. to stabilise the spacecraft against external disturbance torques; 
2. to enable rapid slew maneuvers. 
eref 
DIsturbances 
N 
ý,:, " ý, 
NA+ 
Attitude 
Controller Actuator I 
y 
Nd: Disturbance Torque 
NA: Actuator Torque 
0,. d: Reference Attitude 
0,: Attitude Error 
Attitude Satellite 
Estimation 
ýý 
Sensors 
ýý 
Dynamics 
Figure 2.2: ACS Control Diagram 
2.2.2 External Disturbance Torques 
In order to determine and size of the ACS, one must first quantify the torques acting 
on a spacecraft. These can be distinguished into controlled actuator torques (e. g. 
magnetic torquers, reaction wheels, CMGs, etc. ) and external torques (e. g. gravity 
gradient, aerodynamic, solar pressure, etc. ). The following Section describes the 
external disturbance torques that tend to affect a spacecraft's attitude. 
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2.2.2.1 Gravity Gradient 
The gravity gradient torque is a torque that originates from the "dumb bell" effect on 
a long thin rotating object [Wertz 1978]. This torque is created due to the finite 
distance between the opposite ends of the spacecraft, causing a slight difference in the 
forces acting on those ends, resulting in a torque about the spacecraft's centre of mass. 
Gravity gradient torque for satellites with small products of inertia is defined as 
[Wertz 1978, Wertz 1992, Steyn 1995]: 
! fL + Iyy Ncr = 
3, u I xx 
+Iyy](zo 
-z)(z 0x Z) 2Rý, 31 ZZ 2 
where, 
p is Earth's gravitational constant (3.986 x 1014 In 3S, 2) 
L, is the spacecraft's moment of Inertia about the x-axis 
I., is the spacecraft's moment of Inertia about the y-axis 
I., is the spacecraft's moment of Inertia about the z-axis 
R,, is the spacecraft orbit radius (700km) 
"o= [A13 A23 A33]T is the nadir unit vector in body coordinates (Chapter 1) 
" is the principal body Z-axis unit vector 
For a satellite with equal moments of inertia (Table 2.3), the gravity gradient torque is 
near zero. 
2.2.2.2 Solar Radiation Pressure 
This torque is caused mainly due to the difference in location of the satellite's centre 
of pressure and its centre of gravity. Solar radiation will reflect off the satellite in 
parts of the spacecraft's orbit and this will create a torque about the spacecraft's 
centre of gravity. This torque is defined [Wertz 1978]: 
Nsp = F(Cps - Cg) (2-2) 
where, 
24 
Fý 
A, (I + q) cos(i) 
C 
F, is the average solar constant ( 135 8 WM-2 
c is the speed of light (3.0 x 10" ms-) 
Cp, is the centre of solar pressure vector 
Cg is the centre of gravity 
A, is the spacecraft's surface area projected towards Sun 
i is the sun incidence angle 
q is the reflectivity/transparency factor 
(2-3) 
For the Cp, -Cg term, an estimated value of 0.1 m is used and for reflectivity qa value 
of 0.6 is typical of small spacecraft [Wertz 1978]. The cross sectional area of the 
SSTL Microsatellite bus is 0.129 m2 [SSTL 2002]. 
As we can observe from Eq. 2-2 and 2-3 the torques generated by solar radiation are 
in the order of 10-9 N, which are negligible. 
UNIM 
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Figure 2.3: SSTL Microsatellite Geometrical Configuration 
2.2.2.3 Aerodynamic Disturbance Torque 
In Low Earth Orbits (LEO, i. e. < 2000 km), one can not dismiss the effect of Earth's 
atmosphere (drag). From equation 2-4 [Wertz 1978], the atmospheric torque 
disturbance NA is directly proportional to the cross sectional area A,, and to 
atmospheric density p. 
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NA =1 (pCDAP V2)(C pa _C 9) (2-4) 
where, 
p is the atmospheric density (k gM, 3) 
CD is the drag coefficient 
Ap is the spacecraft projected area (M) 
V is the spacecraft velocity (ms") 
Cp. is the centre of aerodynamic pressure of the spacecraft 
Cg is the centre, of gravity 
Again taking as an example a SSTL microsatellite, orbiting at an altitude of 700km, 
the spacecraft velocity given by Equation (2-5) will be: 
112 
V=( ýU 7452ms-1 (2-5) 
r 
where, 
.u 
is the gravitational parameter of the Earth 
r is the spacecraft's orbital radius 
From the 700 km orbit we can find the average atmospheric density, p,,, i--lO-II kgm3 
[Hughes 1986]. From [Wertz 1978] the drag coefficient is also estimated (CD = 2.0) 
and the cross sectional area is already known as 0.129 m2. The torque generated by 
aerodynamic disturbances is in the order of 10-7 N m. 
2.2.2.4 Summary 
Thus we can summarize all external disturbance toques on a typical LEO 
microsatellite to the order of- 
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External Disturbance Torque Nrn 
Gravity Gradient -0 
Solar Radiation Pressure 0 0 
Aerodynamic 0 0 
Table 2.2: External Disturbance Torque Summary 
We conclude that the attitude control of a typical small satellite against the natural 
disturbance torque environment does not require any advances on current ACS 
technology. However, this is not the case when we consider the requirement for rapid 
slew maneuvers. 
2.3 Slew Maneuver Requirement 
The current standard slew maneuver rate for small satellites is in the range of 0.1 -1 */s 
[Steyn 1999, Steyn 2000]. Future missions indicate a need for an increased slew rate 
capability. In [Wie 2000a] it is mentioned that missile tracking satellites and Synthetic 
Aperture Radar (SAR) satellites for tracking ground moving targets will need rapid 
rotational maneuverability. The French space agency CNES, is working towards 
developing highly agile satellite replacements of the SPOT remote sensing satellites 
with its Land Surface Processes and Interaction Mission (LSPIM) [Salenc 2000]. 
Satellite or space station inspectors will require high maneuverability in order to 
rapidly point to areas of interest or to dock [Williams 1999a, Williams 1999b]. 
Asteroid tracking missions also need to rapidly track their targets (asteroids) as 
required in the Near Earth Space Surveillance (NESS) microsatellite mission [Carroll 
2001 ]. Agile target tracking is the main mission requirement for another small 
satellite mission for the British Ministry of Defense (MoD), called TOPSAT [RAL 
2002, QinetiQ 2002, SSTL 2002, Wicks 2001]. All these missions require high slew 
rates of at least an order of magnitude greater than the current standard of 0.1 -1 "/s, i. e. 
more in the 3-10*/s range. Thus it has become important to develop an actuator that 
will be able to generate such high slew rates. As a first step towards developing 
actuators for highly agile spacecraft, an actuator with a requirement of 31/s, will be 
studied using a slightly modified SSTL microsatellite platform (equal principle 
moments of inertia of 2.5 kg-m 2) , as a suitable target vehicle. A 3*/s average slew rate 
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means that the satellite used for this analysis will be able to accomplish a 90' 
maneuver in 30s (or 30' in l0s). Table 2.3 provides the characteristics of the satellite 
(microsatellite) that is going to be used throughout the rest of the analyses, unless 
stated otherwise. 
Satellite Inertia 11, ý,, Ij (kg-M2) [2.5,2.5,2.51 
Mass (kg) 50 
Slew rate (0/s) 3 
Table 2.3: SSTL Microsatellite Characteristics 
Of all candidate actuators (reaction wheels, momentum wheels, control moment 
gyros), all of them have as a common factor a spinning rotor, which is the main torque 
generator. Thus, the slew maneuver speed depends critically on the rotors (hence 
motor) torque and momentum capability. Therefore: 
N,,, = I,,, co,, = 1,0 (2-6) 
where, 
N,,, is the wheel torque, 
I,,. is the wheel moment of inertia, 
oj,,, is the wheel speed 
ý, is the spacecraft moment of inertia (Table 2.3) 
0 is the spacecraft's angular acceleration 
All parameters in this thesis are measured with respect to the spacecraft body frame 
and referenced to the inertial frame. 
The requirement is of the spacecraft to be able to perform a 90' maneuver in 30s, or 
for 30' in I Os. In later Sections (Chapter 4) it will be explained that the 30' in I Os is 
used to size a new actuator. In order to complete the 30' maneuver in I Os there needs 
to be an acceleration phase (which will take 5s) and a deceleration phase as depicted 
in Figure 2.4. Thus we make our calculations for 15' in 5s: 
0= 
-or (2-7) 7 
2-8 
max =6'/s 
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-1,11 
Figure 2.4: Torque and Angular Rate Diagram for an SSTL Microsatellite 
Executing a 301 Maneuvre in 10 Seconds 
n=1 0(5 )2 0.02 , rad , with a maximum angular rate of 
0.105 rad/s 2 
12 2s2 
N,,. == 52.25 mNm 
where, 
N,,,,,, is the required torque needed to achieve the specified maneuver. 
Parameter CNIG Microsat E. Microsat Minisat 
Mass of s/c (kg) 50 50 350 
Type of actuator 4 CMG 4 RW 4 RW 
Mass of Actuautor System 
(kg) 
-1 4 12.8 
Power Av. (W) per actuator 0.75-4 0.8-3.5 3.3-14 
Voltage (V) 5-12 12-16 24-32 
Max. Angular Momentum 
(Nms) 
1.1 1.44 16.8 
Max. Torque Capability 
(mNm) 
52.5 20 40 
Average Slew Rate (1/s) 3 1.85 0.65 
Satellite Inertias (kg-m 2) [2.5,2.5,2.5] [2.5,2.5,2.5] [40,40,40] 
Minimum time for 30' (s) 10 16.17 45.74 
Table 2.4: SSTL Actuator Comparison [Steyn 2000bj 
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This torque needs to be achieved by the spacecraft's actuator (reaction wheel or 
momentum wheel). From Table 2.4, it becomes quite clear that the current SSTL 
microsatellite reaction wheel is not able to produce the required torque to perform the 
baselined maneuver. The torque capability of the Minisatellite and Enhanced 
Microsatellite is based on the assumption of using a 4-RW configuration in a 
tetrahedron configuration. This means that the RWs are able to produce a torque in all 
three axes double of their individual torques. This RW arrangement is used in the 
BILSAT Enhanced Microsatellite ADCS system [Bradford 2002]. Even the 
minisatellite reaction wheel does not generate the required torque of Nreq = 52.25 
mNm. Thus it becomes clear that a new reaction wheel will have to be designed to 
give the required performance. If one assumes that a reaction wheel could be designed 
to produce the required torque, such an actuator would, typically, have a mass of more 
than 2 or 3 kg, resulting in an overall mass of 8-12 kg for a 4-RW system (for a 50 kg 
microsatellite). This wheel will require multiple modifications from existing designs, 
including adopting a larger motor - which means more power, mass and volume -a 
substantially larger flywheel as well as other electronics (leads) which win increase 
the mass and volume of the overall design. Although this is technically possible, it can 
be seen that the near I kg CMG actuator cluster is more mass efficient and the CMG 
is the optimum for an agile microsatellite. 
2.4 Actuator comparison and Discussion 
A comparison between SSTL actuators (4-reaction wheels) and the proposed CMG 
design (cluster of 4-CMGs) can be useful for demonstrating the potential of CMGs. 
The CMGs are able to produce the largest torque of all actuators listed in Table 2.4. 
CMG based ACS would give, an average slew rate of Y/s to a microsatellite, which is 
much higher than that which is currently possible with RW based microsatellites and 
would do this with substantially less mass. Due to the CMG's torque capability, a 
CMG could potentially be used in to advantage in a larger spacecraft (minisatellite) 
with modifications. 
One issue still to be confirmed is the electrical power efficiency. Two different 
actuators performing the same maneuver, in a single orbit, should have the same total 
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mechanical power, but their electrical power requirement may be dillerent. One call 
say that on average a CMG can be potentially more power efficient than a RW 
system. A CMG will require an initial small electrical power to spin Lip the NA'Ilccl and 
in the ideal case a very small value will be required to maintain the wheel speed at 
constant speed. Thus during an orbit, electrical power \, k ill only be necessary when tile 
gimbal motor is used during a maneuvre. Due to the gyroscopic stiffness provided by 
the CMGs, small disturbances can be managed by the CMG without moving tile 
gimbals too much or spinning up or down the \N heels. A reaction wheel system (RW) 
will require fairly substantial values of power \N hen a maneuver is required in order to 
spin-up and spin down the wheels or to counter disturbances. Figure 2.5 illustrates the 
above. Two ACS systems are compared, in terms of electrical over one orbit. The two 
systems are to carry out three identical maneuvers centred at 11, h, I.?. 
('M(; DC Motor po\, N er 
P 
Po 
P 
Stepper Motor power 
I Orbit RW DC Motor power 
I Orbit 
Figure 2.5: Electrical [lower Flo" Diagram 
The CMG system will consurne sonic power in the beginning for the DC motor spin- 
up and then a little power will be needed when the gimbal motors rotate during the 
maneuvers. The RW system needs substantially larger values of power in order to 
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accelerate and decelerate the wheels (due to the larger RW motor). Thus it is clear that 
the CMG orbit average electrical power should be less than the RW orbit average 
electrical power. The next stage of research, when designing and operating the 
hardware of a CMG will provide an opportunity to verify the above hypothesis. A 
more detailed comparison of a CMG to a RW electrical power consumption is 
detailed in Chapter 5. 
Another issue to be addressed with CMGs is reliability. Doubling the number of 
motors in an ACS system (4-RWs, 4+4 for CMGs) can increase the risk of a motor 
failure. This is one of the reasons for selecting stepper motors to gimbal the DC 
motor. Stepper motors are considered to be very reliable and are used in many 
demanding commercial applications (computers, consumer electronics, printers, etc. ). 
Even with a stepper motor or DC motor failure, having a redundant system of 4- 
CMGs will enable constrained 3-axis control, with a reduced slew performance. 
2.5 Conclusion 
Future small satellites will require a higher degree of agility. This means that the 
actuators they use will require to generate much higher values of torque and angular 
momentum. It was shown that for a SSTL microsatellite to achieve a 3/s average 
slew rate, a torque of 52.25 mNm is required. Although this torque can be generated 
by current technologies, this torque can be potentially provided in a more efficient 
way by CMG. This thesis is investigated in the following Chapters of this thesis. 
Although the slew requirement requires a large torque to be generated, an analysis of 
the external disturbances that a microsatellite can encounter on a 700 km LEO orbit 
was conducted. These disturbances were found to be relatively small. 
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3 Fundamentals and Background of Control Moment 
Gyroscopes 
As small satellites mature, their missions will become even more demanding in 
requiring more instruments in a smaller volume and mass; less power; better pointing 
accuracy and agility. 
3.1 Agility for Microsatellites 
Agility considerably increases the operational envelope and efficiency of spacecraft 
and can substantially increase the return of mission data. It also makes new missions 
. ýk 
Figure 3.1: Agile Microsatellites, Increased Imaging Capability 
possible where high slew manoeuvrability, increased stability and high pointing 
accuracy are required without the complexity and expense of separate payload 
steering or mechanical pointing assemblies. Agility is also needed for missions such 
as formation flying, for distributed satellite systems, as well as for inspecting or 
docking with other satellites. In the following Sections it will become evident that 
CMGs are an efficient way of giving small satellites a rapid slew maneuver capability. 
Commercial satellite systems also have a key interest in agility since their profitability 
is a function of both services and quantity of data. Tactical imaging with agile off- 
nadir pointing is also an application that requires agility. 
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3.2 Heritage of CMGs 
CMGs are considered to be more complex than other actuators due to singular states 
that occur. They are also considered as complex devices due to the high computing 
demands needed to control them and also due to mechanical design considerations. 
Year Manufacturers Type of CMG Torque T Momentum I Mass 
1973 Skylab 3 DGCMGs 
1976 KH- 11/12 4SGCMGs Verylarge 
1986 MIR 4 SGCMGs (not suitable for small 
2001 ISS 4DGCMG satellites) 
1999 Honeywell SGCMG 108 Nm 122 Nms 19kg 
1999 Alcatel SGCMG 30 Nm 50Nms 20kg 
1999 Astrium SGCMG 10 Nm IONms 15kg 
Table 3.1: CMG Systems [Defendin! 2000, Roser 1997, Salenc 2000, Honeywell 
2002, Wie 19981 
Most CMG's are used on large spacecraft and space stations, mainly due to their high 
angular momentum storage capability, which is used to provide increased stabilisation 
under large external disturbance torques. They can also produce substantial torques 
and are very heavy (typically 55-150 kg for 300-1000 Nms momenta and 100-1000 
Nm output torques [Defendini 2000, Roser 1997]. Only recently, Alcatel, Astrium 
(France) and Honeywell have begun to work on smaller CMG's (Table 3.1), for new 
families of spacecraft in the 500-1000 kg range that require high precision pointing 
and fast slew capabilities [Honeywell 2002]. This thesis is concerned with satellites 
an order of magnitude smaller than even this. 
Thus the advantages of CMGs can be summarized as: 
1. High angular momentum capability which leads to highly stable platforms 
(high precision platfonns) 
2. High torque capability 
3. Power and mass efficiency compared to other actuators 
3-2 
These three main points are discussed in detail in Section 3.9 and 3.10, where a 
microsatellite model is used in an attitude control model to demonstrate that CMGs 
can, in addition, produce high slew rates in an efficient way. In the following Section, 
the types and fundamentals of CMGs are discussed. Next, a mathematical 
representation of CMGs is provided. 
3.3 Types of Control Moment Gyroscopes 
A CMG consists of two parts: 
The momentum wheel which produces a large and constant angular 
momentum (magnitude) 
The gimbal motor (or set of gimbal motors), on which the momentum wheel is 
mounted, so that the angular momentum vector of the wheel can be changed to 
the desired direction. 
Torquing the gimbal results in a precessional torque that is normal to the gimbal axis 
and momentum wheel spin axis. 
g Gimbal 
Axis 
Gimbal Rate 
N 
output = AO- 
in-, - 
where, 
iI -'Lý" h 
"I Wheel 
Momentum 
h is the angular momentum 
vector 
ý is the gimbal rate t 
Figure 3.2: Single Gimbal CMG Diagram 
A small torque input to the CMG generates a large output control torque to the 
spacecraft. This particular feature makes CMGs ideal devices to generate large 
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control torques and store large angular momentum over extended periods of time 
[Wie 1998]. 
Depending on the their mechanical characteristics CMGs can be characterised as: 
e Single-Gimbal CMGs: Momentum wheel is gimballed in one axis and 
constrained to rotate on a circle in a plane normal to the gimbal axis. 
* Double-Gimbal CMGs: Momentum wheel is constrained inside two gimbals 
and angular momentum vector is oriented within a sphere. 
Variable-Speed CMGs: A SGCMG with a variable speed wheel momentum 
wheel. An extra degree of control is available compared to SGCMGs. 
CMG Type Advantage Disadvantage 
SGCMG Great torque amplification Singularities 
DGCMG Torque amplification, extra 
degree of freedom 
Cost, complexity, size 
VSCMG Extra degree of control Reliability 
Table 3.2: Advantages and Disadvantages of Different CMG Types 
Of all CMG types, SGCMGs offer the most significant cost, power, mass and 
reliability advantages. Their main disadvantage is the existence of singularities. These 
are states in which, for a certain set of gimbal angles, the CMG does not produce 
torque. Special techniques are used to avoid these conditions (called steering laws) 
and these are briefly discussed in the following sections. For the rest of this Thesis 
references to a CMG will mean a SGCMG. 
3.4 Fundamentals of a Control Moment Gyro 
In order to fully understand a CMG ACS system and its capabilities, it is necessary to 
describe and discuss the fundamentals of a CMG. A CMG consists of a spinning disc 
with a large angular velocity vector (o, which rotates about axis x as depicted in 
Figure 3.3. A CMG in practice works in a very similar way to that of a conventional 
gyroscope, except in reverse. If one attempts to rotate the spinning disc about the 
3-4 
gimbal axis z with a small precession rate of (5, the end result will be to force a large 
rotation about the _v axis 
(thus producing the output torque). Although this seems to be 
an odd behaviour, by taking a closer look one can explain this by using the principles 
of momentum and impulse. First the CMG is considered to be in its initial position at 
to = 0. If I is the inertia matrix of the spinning disc, then the angular momentum 
produced is h= I(o along the x axis. At time /, =At, after the disc is 
z Gimbal 
Axis 
Gimbal Rate ý8 
h=lw x Spin 
Wheel Axis 
Momentum 
z Gimbal 
Axis 
F Gimbal Rate 6 
A 
A(J ti 
M rrwmm 
Ah 
1w 1121 x Spin wB 
Wheel Axis 
omemm F 
Figure 3.3: Control Moment Gyro Diagram 
rotated about the z axis by an angle A6 and a rate of 6, a momentum couple N, is 
generated about the _v axis. 
This momentum couple is equivalent to having two anti- 
parallel forces acting at points A and B on the x axis. The rotation about the z axis 
causes the angular momentum vector to also rotate by an angle A6, thus producing h'. 
The change in momentum during the time interval At is represented as the vector Ah. 
This vector has a parallel but opposite direction from the vector NAI (momentum 
couple). From Figure 3.3 we can conclude that the vector Ah has a magnitude 
equivalent to: 
lAhl = A6 h 
If we equate the angular impulse and the change in angular momentum we have: 
(3-1) 
NAt-- A6 h (3-2) 
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By dividing the above equation by At and letting At approach to zero, we can find the 
CMG output torque: 
N=h A6 or N=hý (3-3) At 
where h= kow 
I is the moment of inertia of the disc 
co,,, is the disc spin rate 
d6 is the rate of precession or the gimbal rate dt 
In vector form the above equation is given as: 
N=hxý (3-4) 
3.5 Mathematical Modelling of CMGs 
In this section the necessary background is given in order to understand how a cluster 
of CMGs work to provide full 3-axis control. The following analysis is due to Wie et 
al. [Wie 1998]. The rotational equation of motion for spacecraft with CMGs for a 
spacecraft with momentum exchange devices is given by: 
il, +coxHs =Next (3-5) 
where H, is the angular momentum with respect to the spacecraft's body-fixed control 
axis and N,,, t is the external torque vector, including all types of external disturbances. 
The total angular momentum is given by: 
Hs =lo)+h (3-6) 
where I is the spacecraft inertia matrix, co is the angular velocity vector, and h is the 
total CMG momentum vector. Substituting equation (3-6) into (3-5) we have: 
I co+ ý+ co x (1co + h) = N,,, t (3-7) 
Now we introduce the internal control torque generated by the CMGs, u and thus 
equation (3-7) becomes: 
ý+(oxh 
= -u (3-8) 
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(o+coxlco =u +Next (3-9) 
By using equations (3-8) and (3-9) and combining them with the spacecraft 
kinematics equations (such as the quartenions) an attitude control system can be 
designed. Thus we can assume that the spacecraft control input u is known and can be 
selected as [Wie 1998]: 
ý 
=-u-coxh 
The CMG angular momentum vector h is a function of the CMG gimbal angles 8, 
(where i=1,..., n and n is the number of CMGs): 
h= h(8) 
As mentioned before, CMGs cross singular states, where no torque is produced. Thus 
a certain technique is needed to avoid these states as much as possible. These 
techniques (steering logic) determine the optimal gimbal angle trajectories to avoid 
singularities whilst meeting various constraints such as hardware characteristics and 
gimbal motor limitations. We need to solve Equation (3-9) in order to find the 
optimum gimbal angles to avoid singularities. 
Due to singularities one cannot have full 3-axis control with 3 CMGs. An extra degree 
of control is needed and this can be accomplished by either using VSCMGs or a4 th 
CMG. In this study a 4-CMG cluster in pyramid configuration is used in order to have 
full 3-axis control and increased angular momentum capability. A comparison of the 
momentum envelope of an orthogonal 3-CMG and a cluster of 4-CMGs in a pyramid 
configuration is presented in Appendix B, indicating the benefits of a 4-CMG cluster 
arrangement 
The pyramid mounting arrangement (pyramid skew angle fi = 54.73') of four CMGs 
is considered to be the most optimum arrangement in terms of the uniformity of the 
momentum envelope. This allows us to easily determine the singularity 'gaps', that is 
the gimbal angles in which singularities occur. For maximum momentum storage the 
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optimal skew angle would be, 8 = 90', which results in a box configuration of four 
CMG's. 
The spherical shape (Figure 3.4) of the momentum envelope for a 4-CMG with a 4n 
54.73' skew angle gives almost the same maximum value of angular momentum h, in z::, 
all three orthogonal axes h= ho[3.15,3.15,3.26]T . The increased momentum 
capability in the z-axis can be used to advantage if this is the axis about which most zn 
maneuvers occur. 
z Satellite 
Reference 
Frame 
CMG #3 
f3 
G rt imbal CMG #2 
As xis Gimbal 
, 
Axis Axis 
Hy 
H3 
CMG #1 
Gimbal 
CMG 44 6 'Axis 
Gimbal ýHA 
A)ds x 
-t 
,i"W , ý Y, 
Figure 3.4: CMG Cluster in Pyramid Arrangement and Momentum Envelope 
The total CMG angular momentum vector h= [h, hy, h, ]T is expressed with respect to 
the spacecraft reference frame as: 
4 
Y_Hi(6i) 
i=l 
From the CMG pyramid arrangement we have: 1-ý 
Momentum Envelope of 4-CMG cluster 
,6= 
54.73", h=I N-m-s 
Isometric View 
(3-12) 
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4H1 (t5j) = ho 
cp sin 81 -COS 82 c, 8 sin 83 COS 84 
(3-13) COS 45, - cp sin 82 - COS 83 cfl sin 84 
s, 6 sin 45, s, 6 sin 152 s, 8 sin 83 s, 8 sin, 64 
I 
Where, fl is the pyramid skew angle, cfl=cosfl, sfl=sin, 6, and 61 are the gimbal angles 
and ho is the magnitude of the angular momentum produced by the spinning disc, of 
each CMG, considered for the sake of this analysis to have a value of unity. Equation 
(3-13) indicates the non-linear relation between h and t5j. One solution into getting the 
optimum gimbal angles and to avoid singularities, is to find the inverse of Equation 
(3-13). In this case we would have to solve for h having the 4 unknowns t5j. This is not 
a practical approach for real-time operations. A more practical approach is to solve 
the differential equation relating the gimbal angles and the CMG angular momentum 
vector h: 
ý= A(8)ý 
where, 
A(8)= 
ah 
äi 
(3-14) 
is a3xn Jacobian Matrix, where n is the number of CMG's. This matrix depends on 
the CMG geometry (i. e the skew angle fi of the CMG with the horizontal axis) and on 
the gimbal angle vector 8. 
For the CMG pyramid configuration the Jacobian matrix is: 
4 ft 
=A (3-15) 
C, 6 Cos 81 sin 82 0 COS 83 -sin 
84 
A= - sin 81 C, 
6 COS 82 sin 83 C, 8 Cos 8 (3-16) 
SJ6 Cos 81 SJ8 COS 82 S, 8COS83 SJ6COS84_ 
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From the CMG commanded control torque input, u, the CMG momentum rate, ý is 
given by Eq. (3-8) and the gimbal rate command, ý, is obtained as: 
ý=A+ý=A T (AA Tyl ý (3-17) 
which is referred to as the pseudoinverse steering logic and A+ is the pseudoinverse of 
A. 
For Eq. (3-17) it can be seen that when rank(A) < 3, the pseudoinverse does not exist, 
since det(A) is zero, therefore the system goes through a singularity. Singularities are 
not the main focus of the work presented but have been discussed extensively in the 
literature [Bedrossian 1990, Comick 1979, Junkins 2000, Kurokawa 1985, Kurokawa 
1987, Margulies 1978, Paradiso 1992, Schaub 2000, Vadali 1990, Vadali 1990, Wie 
2002a, Wie 1998]. 
3.6 CMG Literature Survey 
In this section the literature survey related to CMGs is presented. It was deemed 
appropriate by the author that the mathematical representation and theory of CMGs 
should proceed in order to make more understandable the concepts and theories 
developed in the following paragraph. A small survey is also presented in Section 3.7 
of the various singularity avoidance laws, allowing a practical comparison of those 
laws and exploring their advantages and shortcomings. In Reference [Vadali 1991], 
Vadali and Oh introduce the dynamic equations for large-angle rotational motion of 
spacecraft equipped with SGCMGs using the Newton-Euler approach. These 
equations include the momentum wheel and gimbal inertias. Feedback control laws 
are developed based on Lyapunov stability theory, which guarantees global 
asymptotic stability of the closed loop system. The torque demanded by the feedback 
control laws is obtained by using gimbal rate steering laws developed in the literature. 
A new steering law is presented based on gimbal acceleration. The developed 
feedback control laws together with the new steering law prove to be working even 
within the presence of singularities. They also showed that there exists a set of 
preferred sets of initial gimbal angles, which can avoid singularities. 
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Wu, Z., and Wu, H., provide a mathematical description about the existence and 
implementability of non-singular paths in the gimbal angle space. They prove 
mathematically the existence of non-singular steering in redundant SGCMG systems 
whose axes are mounted non-coplanar [Wu 1998]. 
In [Wie 2000b, Wie 2000c, Wie 2002], Wie, Bailey and Heiberg, present a new 
modified Singularity Robust steering logic for redundant SGCMGs. This steering law 
is based on the Singularity Robust law (SR) developed by Nakamura and Hanafusa 
[Nakamura 1986]. The key modification to the SR law is the introduction of a 
nondiagonal weighting matrix in the mixed, two-norm and weighted least-squares 
minimization problem. The proposed steering logic effectively generates 
"deterministic dither signals" when the SGCMG system becomes near singular. 
Because the proposed SGCMG steering logic is based on the simple minimum two- 
norm, pseudoinverse solution, it does not explicitly avoid singularity encounters, but 
it rather approaches and rapidly transits unavoidable singularities whenever needed. 
As specifically mentioned, the proposed logic is not intended for special missions in 
which prescribed attitude trajectories are to be "exactly" tracked in the presence of 
internal singularities. The above steering logic is patented in the U. S. (U. S. Patent 
6,039,290, March 21,2000) and is used in [Wie 2000a] with a nonlinear attitude 
control system of agile spacecraft for rapid multi-target acquisition and pointing. Wie, 
B., Bailey, D., Heiberg, [Wie 2000a], describe a study of developing an attitude 
control system for agile spacecraft which require rapid retargeting and fast transient 
settling. In particular, a nonlinear feedback control logic is developed, based on a 
variable limiter in a quaternion-error feedback control, for large-angle, rapid multi- 
target retargeting maneuvers subject to various physical constraints, including the 
actuator saturation and slew rate limit. Combining this with the newly developed 
singularity avoidance law of Wie (Wie 2000b, Wie 2000c, Wie 2002], simulation 
results indicate the robust near-minimum-time performance of the proposed non- 
linear feedback control system. 
Wu, Z., and Chou, W., introduce a new method of detecting avoidable singular states. 
Their method is based on the null motion and Lyapunov stability principles. They 
develop a matrix product of the null vector and the SGCMG systems Jacobian and 
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calculate the eigenvalues of this matrix. If the eigenvalues has a positive real part, 
then the singular state is unstable for the described SGCMG system, which means that 
the singularity can be avoided. This method is advantageous because it does not 
require any knowledge but of the null motion. 
Ford, K-, and Hall C., [Ford 2000] develop a new form of equations of motion for 
spacecraft equipped with SGCMGs based on [Vadali 1991 ], which includes all gimbal 
inertia terms. Then using these terms, a Lyapunov function is used as the basis of the 
development of a singularity avoidance law. In this law the singular value 
decomposition (SVD) method is used to determine the pseudoinverse of the Jacobian 
matrix. This law is based on the Singularity Robust (SR) law developed by Hanafussa 
and Nakamura [Nakamura 1986]. The innovation is using the smallest singular value 
element of the singular value matrix derived from the SVD method and bounding this 
singularity avoidance parameter whose value depends on the SGCMGs angular 
momentum and on the number of SGCMGs used in the system. The result is having a 
reorientation maneuver that is smoother, without sacrificing the speed of the 
orientation. 
Schaub, H., and Junkins, J. [Schaub 2000], present a new concept for CMGs, the 
Variable Speed CMG (VSCMG). The properties of VSCMGs are used in a singularity 
avoidance law, together with null motion. By using null motion with VSCMG, it is 
proved that a drastic reduction occurs in the required reaction wheel power 
consumption when operating near CMG singular states. The necessary reaction wheel 
torque proves to be small and achievable by existing CMG hardware. 
Busseuil, J., Llibre, M., Roser Xj Busseuil 1998] provide a description of a mini- 
CMG being developed in Alcatel, as well as the development of a new steering law. 
These mini-CMGs are SGCMGs developed for a new family of high precision 
spacecraft under conceptual design in Astriurn (France). For the hardware 
development of the mini-CMG, the most important element is the use of magnetic 
bearing technology, which is used to improve the actuator accuracy. In order to secure 
superior SGCMG resolution, since the gimbal stiffness depends on the magnetic 
bearings, this technology is used based on the SPOT spacecraft heritage. The use of 
magnetic bearings on the SGCMG momentum wheel axis improves the SGCMG 
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resolution by a factor of 5. The momentum wheel speed is designed to operate at a 
speed of 12000 RPM mounted on magnetic bearings. Although not giving many 
details, it is mentioned that a new singularity avoidance law is under development 
based on the open loop calculation, a priori, of the gimbal angles necessary to 
perform a commanded maneuver. Roser, X., Salenc, C., [Salenc 2000] further expand 
on the same topic describing research done at Alcatel, related to the development of 
mini-CMG's and singularity avoidance laws. In their simulations they indicate the use 
of a combination of three steering laws (the preferred gimbal angles law of Vadali and 
Oh [Vadali 1991], the indirect law of Comick [Cornick 1979], Singularity Robust law 
of Hanafasa and Nakamura). Although they do not analytically explain how they 
combine these three laws into one single steering law, their graphs representing their 
simulations indicate avoidance of internal singularities. 
Roser, X., Sghedoni, M., [Roser 1997], give a general overview of SGCMGs. They 
present the historical aspect of CMG in previous missions, compare them with 
reaction wheel systems and they also provide an overview of singularities, and of 
existing steering laws. They outline their proposal for the design of mini-CMGs for 
future ESA and CNES missions. 
Similarly to Alcatel, Astriurn France (former Matra Marconi Space France) is also 
working on mini-CMG's for agile spacccraft. Their design is also for a SGCMG, 
similar in capability with the Alcatel design [Defendini 2000]. An overview of the 
fundamentals of CMG principles is given and the 'classical' singularity avoidance 
laws are briefly mentioned. New singularities are mentioned to have been developed 
which are able to provide 100% avoidance of singularities. The methods of how this 
is accomplished are not presented (similar to Alcatel) and are in process of being 
patented. 
Vadali, S., Oh, H., Walker, S., [Vadali 1991] determine a family of initial (preferred) 
gimbal angles that avoid singularities. They do this by using back integration of the 
gyro torque equation from a desired final condition. A feedback control scheme based 
on null motion is also developed to position the gimbals at preferred angles. 
Heiberg, C. J., provides a different approach of deriving the dynamic equations for a 
CMG based spacecraft, focused to the loading of the CMG interface to the spacecraft. 
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These equations describing CMG loading are shown to easily accommodate 
modelling of the rotor (momentum wheel) unbalanced forces and could easily be 
expanded to include moment unbalance and other disturbance sources [Heiberg 
2000]. 
Bedrossian, N. S., Paradiso, J., Bergmann, E. V., Rowell, D., provide a thorough 
analysis on CMGs. In [Bedrossian 1987, Bedrossian 1990a, Bedrossian 1990b] the 
basics of CMGs are presented including an analysis of the singularity problem. A 
comparison of a 4-SGCMG system and a 3-link manipulator is made outlining the 
similarities in the type of singularities that both systems face. This becomes the basis 
of introducing the inverse kinematic solution with null motion derived in [Nakamura 
1986]. A small survey of existing Singularity avoidance laws is provided, laws based 
on the Moore Penrose pseudoinverse. They introduce two new Singularity avoidance 
steering laws. The first is the nondirected null motion algorithm, which was shown to 
avoid elliptic-type singularities. However this method comes with the penalty of 
introducing large torque errors. 
Kalaycioglu, S., Rokui R. M. [Rokui 1997], provide a new feedback controller for 
spacecraft with CMGs, based on the feedback linearization control technique. A3 
SGCMG model is used and complete input-output linearization is achieved using a 
state transformation and nonlinear static feedback. 
Wie, B., presents the most thorough work related to CMGs in [Wie 1998]. He outlines 
the mathematical modeling of SGCMGs, reviews existing steering and describes the 
necessary control laws and equations for CMG based attitude control systems. This 
work is considered as one of the main sources for CMG familiarisation. 
Nakamura, Y. and Hanafiasa H. [Nakamura 1986] introduce the Singularity Robust 
(SR) inverse as a kinematic solution for singularities encountered with robot 
manipulators. This method has been used exhaustively in the CMG singularity 
problem by almost all researchers. This paper describes the fundamentals of the SR 
method and discusses its computation complexity. 
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Cornick, D. E. [Cornick 1979], uses a six SGCMG cluster to show two new steering 
laws. Both calculate the instantaneous location of singularity states. Then, the first 
law called the direct method, uses null motion to avoid singularities. The second 
method called the indirect method uses null motion to drive the gimbal angle 
trajectories towards the saturation singularity thus avoiding internal singularities. 
Simulations indicate that the indirect steering law avoids singularities for torque 
commands that do not exceed the value of 1.3 h,, (wheel momentum). The direct 
method also avoids singularities, but is much more computer intense and is not an 
optimum solution for on-board spacecraft use. 
3.7 Singularity Avoidance Steering Laws-An overview 
In this overview of Singularity Avoidance Steering Laws a four SGCMG, pyramid 
arranged cluster is used (Figure 3.4) with 8= 54.73". The gimbal rate command 
obtained in Equation (3-17) is referred as the pseudoinverse (Moore-Penrose or MP) 
method steering logic. A modification of the MP steering law is the Weighted 
Pseudoinverse (WP), which is: 
ý= W-'A(AW-'A Tyl ý (3-18) 
where W is a weighting matrix to be properly selected [Bedrossian 1987]. 
Most Steering laws are developed based on some version or modification of the 
pseudoinverse [Wie 1998]. 
3.7.1 Conventional Singularity Avoidance Steering Logic 
Eq. (3-17) can be expressed as: 
ý= ýP+ý,, (3-19) 
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where ýp is the particular solution and 8*H is the homogeneous solution. The 
homogeneous solution consists of the null motion term, which in practical terms 
indicates the motion that the gimbal angles follow without producing torque. 
611 =pn (3-20) 
where p represents the amount of null motion and n is the null vector. There have 
been various methods of selecting constant p. These are 
i) Projection Matrix 
P[1-A T (AA T )-'Aý 
. DP(8) n is found by using a performance index P(8), n=- which is referred as Da 
the gradient method. The disadvantage of this method is the need to know a priori 
the singularity angles in order to avoid them. 
ii) Inverse gain 
6 
m M> fm 
-6 m< 
where, 
m= 
Vdet(AAT) is the singularity measure 
n =(CI, C2, C3, C4)is the Jacobian null vector 
Ci = (-I)'+' MI is the order 3 Jacobian cofactor 
Mi det(Ai) is the order 3 Jacobian minor 
Ai A with ith column removed 
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The disadvantage of this method is that it generates substantial null motion when the 
system is far away from a singularity and not does guarantee singularity avoidance. 
iii) Feedback control form 
6=A'ý+pll-A+Aj6*-, 5) 
where, 
8* is a set of desired (reference) gimbal angles and pa small positive scalar (typically 
less than 1). 
3.7.2 Singularity Robust Inverse 
In reference [Nakamura 1986], Nakamura and Hanafiisa present the Singularity 
Robust (SR) method for avoiding singularities of robotic manipulators, which have 
many similarities with CMGs. The singularity robust inverse solution then is: 
ý=Aoý 
where, 
A'y = [A 
TA+ All-'A T or A'y =A 
T [AA T+ All-I (3-21) 
And A is a scalar to be properly selected. Nakamura and Hanafusa suggested to assign 
values to the scalar A, as follows [Nakamura 1986]: 
0 form 2! mo 
Ao 1_ / )2 A=f( mmo form< mo 
where, 
Constants AO and mo are to be properly selected. 
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Vadali & Oh, Schaub provide different means of calculating A [Vadali 1991, Schaub 
1998a, Schaub 1998b]: 
A= Aoexp [-pdet(AA T)] 
Most existing Pseudoinverse-based singularity laws do not guarantee singularity 
avoidance under all circumstances and often constrain the momentum envelope of the 
CMG systems. This though is not the case with VSCMG's which, due to the addition 
of an extra degree of control (speed of wheel), guarantees singularity avoidance most 
of the time. 
3.7.3 Modified Singularity Robust Steering Law 
A modified Singularity Robust steering law has been recently presented by Wie [75, 
76] and is based on the Pseudoinverse steering law but differs from other laws, in that 
it uses a weighting matrix with non zero, non diagonal elements. 
Equation (3-21) is modified as: 
A" =A 
T [AA T+ All-I =A 
T JAA T+ AE]" 
Where, 
E3 E2 
E= E3 1 -01 ý' 
82 81 1 
A is a scalar 
ej is selected as a modulation fiinction: ej = cosin(wt + 9j) 
co is the amplitude 
co is the modulation frequency 
yj is the modulation phase offset 
(3-22) 
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all, to be properly selected. The proposed logic Intentionally Introduces deterministic 
dither signals when the systcm becorrics near singular. This results in SnIall 10RILICS 
being applied even when they are not strictly required. This phenomenon IS Illustrated 
in the simulation work carried out in Section 3.8. 
3.8 SGCMG Simulations 
In order to gain further understanding of the behaviour of' CMGs, a CMG based, 
attitude control model of an agile spacecraft Aas modeled in MATLABý and 
SIMULINK, In this model the 4-CMG pyramid cluster was used. Figure 3.5 
indicates the control logic used. 
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Figure 3.5: CMG System Control Logic 
In these simulations the performance of a CMG based attitude control system is 
evaluated and a comparison of various singularity avoidance steering laws is niadc. A 
brief description of the model is given in the following section. 
3.8.1 CMG Attitude Control Model 
The attitude kinematics and representation equations can be found In Chapter 1. For 
the dynamic equations: 
3-19 
From Eq. (3-7): 
Next =1 (0+ x (Ico + h) 
where, 
Next is the external torque vector, including all types of external disturbances 
I is the spacecraft inertia matrix 
co is the angular velocity vector 
h is the total CMG momentum vector 
Expanding Eq. (3-7): 
N, 
xtx = 
Ixx cox+hx+coya). (I. -I,, x)+hzct)y -hycoz 
N, 
ý,, y = 
IY coy+ hy+co,, co., (7. -I. )+ h., co.. -hzcol (3-23) 
N,, tz = Iz. coz+ 
h, + cox(oy(Iyy -lxx)+hycox -h. ý coy 
We solve Eq. (3-23) for col where i= (x, y, z) 
Using coi and the kinematics equations from Chapter 1, the quaternion vectors are 
generated. Both are fed to a quaternion feedback controller [Wie 1998], which results 
to the control torque vector u. 
For real time implementation a linear state feedback controller of the following form 
is utilized [Wie 1989]: 
u= -Kqe - Dco (3-24) 
where q. = (ql. q2, q3, ) is the attitude quaternion error (Eq. 1-10) vector and K and D 
are to be properly selected. From reference [Wie 1989] the gain selection is made as: 
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K= k[I] and D= d[l], (3-25) 
where, 
d= Xo),, 
I-J2 = o),, 2 
(3-26) 
and Cis the damping ratio and co,, is the natural frequency 
The values used for C and for the settling time t, are 0.707 and 150s. The reason for 
giving C the value 0.707 is because this value represents an optimally damped system 
and commonly used when designing control systems. Thus it is not difficult to find 
co,,, K and D. 
e-ý'-', = 0.05, co, = 0.0283 rad/s 
Using Eq's (3-25), (3-26) we get k=0.0016 and d=0.04. Next the equations of 
Section 3.5 are used to find the gimbal angles and gimbal angle rates for different 
maneuver reference values. 
3.8.2 Simulation A 
The simulation (Figure 3.6) performed below was made giving a request for a -65' 
roll maneuver from a 0' initial condition. Satellite inertias of 10 kg-rn 2 are used for 
the sake of simulation simplicity and in order to better evaluate the Singularity 
Avoidance Laws. The intention in these simulations are not to specifically evaluate 
the perfornance of a microsatellite with CMGs but to see the effect and performance 
of the various laws. The control system is set to go through an elliptic singularity. 
The singularity avoidance steering law used is the SR law as described in [Wie 2000b, 
Wie 2000c]. The coefficient A has been given a value of 0.01 as can be seen in Table 
3.7. As expected, only gimbals I and 3, are working since there is only a need to 
produce torque in the x direction. From Figure 3.6(a) it can be observed that the 
spacecraft reaches its reference roll value after approximately 265s. It is obvious that 
the CMG system goes through an elliptic singularity, and the phenomenon 'gimbal 
lock' occurs as can been seen in graph 3.6(c). Due to the singularity, there is no 
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torque produced by the CMGs for about 100 seconds. The system gets out of the 
singularities due to a change of the satellites' orientation. The satellite (graph 3.6(a)) 
coasts for approximately 120 seconds. 
Parameter Value 
1. 10.0 kg-m 2 
IY 10.0 k g_M2 
1. - 10.0 kg-m 
2 
RPY,,, f [-65,0,0] 
aw [-70,0,70,0] deg 
dSýddt 2 rad/s 
A 0.01 
ho 1.0 N-m-s 
j6 54.73 deg 
Table 3.3: Parameters of Simulation A 
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3.8.3 Simulation B 
Simulation B (Figure 3.7) is similar to simulation A but with a different steering law. 
Here, the 'Inverse Gain (IG)' steering law developed by Bedrossian [Bedrossian 
1987, Bedrossian 1990] is used as mentioned in Section 3.6.1 (ii). In retrospect to 
simulation A, the IG steering law does not 'lock up' the gimbal angles. It should be 
reminded though that this is due to the use of null motion and this is evident in graph 
(b) showing the very 'active' gimbal rates. The IG steering law avoids gimbal lock, 
but as seen in graph (d), does not avoid singularities. 
Parameter Value 
1. 10.0 kg_M2 
IY 10.0 kg-m2 
10.0 k g_M2 
RPY1.1 [0,0,0] 
RPyref [-65,0,0] 
8i. 1 [-70,0,70,0] deg 
M. Wdt 2 md/s 
ho 1.0 N-m-s 
16 54.74 deg 
Table 3.4: Parameters of Simulation B 
Ncn, g 
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IF 1.2 
1 
3.8.4 Simulation C 
In this simulation (Figure 3.8), Wie presents a new modification of the SR method 
[Wie 2000b, Wie 2000c]. This method rapidly transits the CMG system through a 
singularity, with a small error in torquing the spacecraft in uncommanded directions. 
This method is based on introducing deterministic dither to the system. This is 
expressed in matrix E (more information on the method itself can be found in Section 
3.7.3) where a sinusoidal function is used to modulate the system. The system is set to 
be optimally damped, and from graph (a) we can observe that the system reaches the 
specified roll command of -65' after 500 s. The simulation was initiated with 8j., = [- 
70,0, -70, 
O]T 
Parameter Value 
ix 10.0 k g_M 2 
IY 10.0 k g_M2 
1-, 10.0 kg-M2 
RPYI. j [0,0,0] 
RPY. f [-65,0,0] 
öi. i [-70,0,70,0] deg 
d8.. t/dt 2 rad/s 
A 0.01 
CO 0.01 
(Pi [0, n/2, n] 
ho 1.0 N-m-s 
Table 3.5: Parameters of Simulation C 
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02 
03 
04 
3.8.5 Simulation D 
Figure 3.9 is similar to 3.8 but with a change in the initial conditions, in this case the 
gimbal angles. The simulation was initiated with 8ini = [90,0, _90, O]T which is the 
worse condition a pyramid cluster of CMGs can face. Graphs (b), (d) and (f) illustrate 
clearly the deterministic dither effect on the spacecraft. This is not obvious in graph 
(a) due to the difference in scaling. The system is idle for the first 40 s, but ultimately 
it transits through the singularity with the mentioned minor penalty of torquing the 
spacecraft in undesirable directions. 
Parameter Value 
ix g_n, 2 10.0 k, 
IY 10.0 ko-in2 
L 10.0 kg_n, 2 
RPYIi [0,0,0] 
RPyref [-65,0,0] 
öi. i [90,0, -90,0] deg 
d&g/dt 2 rad/s 
A 0.01 
Co 0.01 
9i [0,7r/2, ir] 
ho 1.0 N-m-s 
Table 3.6: Parameters of Simulation D 
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a 
3.8.5 Discussion of Simulations 
The CMG simulations confirm many important features of CMGs as derived from 
theory and their mathematical description. From all singularity avoidance laws, the 
Wie steering law seems to be the most promising of all. It is not very computationally 
intense, and is able to transit through elliptic singularities. Its only downfall is the 
torquing of the spacecraft in undesired directions (deterministic dither). The method 
however proves practical for spacecraft operations that do not have strict and high 
precision target requirements. This method is used for the CMG sizing simulations in 
the next Chapter. 
3.9 Conclusion 
In this Chapter, the fundamentals of CMGs have been presented. A literature survey 
of the state-of-the-art contributions on CMG research was also discussed. In order to 
further evaluate some of those contributions, an attitude control model of an ACS 
system was constructed in a MATLAB, & and SIMULINKc environment. This model 
includes the kinematics and dynamics of a satellite in LEO as well as the dynamics of 
a CMG ACS cluster which follows the mathematical description presented in Section 
3.5. Different Singularity avoidance steering laws where evaluated and it was 
concluded that the method developed in reference [Wie 2000a] has the most effective 
and practical application for a microsatellite CMG based ACS system. The attitude 
control model will also be used in the next Sections, to assist on the sizing of a CMG 
as well as to evaluate the performance of a practical CMG system. 
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4 Torque Amplification and CMG Sizing 
4.1 Introduction 
In this chapter, two issues critical to CMGs are addressed: 
* Torque Amplification 
9 CMG sizing 
Having provided the mathematical foundation of CMG systems, torque amplification 
is examined before a CMG system is sized for a microsatellite. 
4.2 Torque Amplification 
In many publications [Wie 1998, Bedrossian 1987, Margulies 1978], it is mentioned 
that CMGs are used in spacecraft ACS systems due to their torque amplification 
properties. In the following section, the torque amplification of a CMG cluster of four 
CMGs is investigated as part of an ACS system of a microsatellite. 
4.2.1 Optimising CMG Torque Amplification 
For a 4-CMG cluster in pyramid configuration (Figure 3.4), the output and input 
torques, per CMG, are given in the gimbal fmme of reference: 
ä Noutput-i =hýx äi (4-1) 
NGy,. 
-l 
N input-I = NGY,,, -, +N Gace-I 
(4-2) 
hi 
, OF 
, Ooutput 
N.. tp. t-i 
N j. P. t-j = (o(, utput 
Xhi+ IG Sl (4-3) 
where, 
hi is the angular momentum vector of CMG i including the gimbal frame and 
flywheel 
ýi is the gimbal rate of CMG i 
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co, ',. tp., is the inertial body rate in the same direction as N,,. tp,, t-i 
IG iS tlýq gimbal frame moment of inertia 
Si is the gimbal acceleration of CMG i 
The input torque is composed by two components, the first and most dominant being 
the 'gyro torque' NGy,,,, which is the torque returned to the system. The second part 
NGacc is the torque component produced due to the acceleration from torquing the 
gimbal with the spinning disc. For the CMG system being analyzed NGacc is of the 
order of 10-6 mNm and can be neglected. Therefore: 
No,, O,,,, i (4-4) 
Nj,, Pu-jt c0output 
By dividing the magnitudes of Equations 4-1 and 4-3 and neglecting the term NG.,,, it 
can be observed that the output torque N,, tp, t is inversely proportional to the angular 
rate of the spacecraft. This means that N.. tpt is large when there are low spacecraft 
angular rates. By observation: 
If woutput << ý then torque amplification is feasible. If coouput then Noutput = Nj,. put 
and there is no amplification of torque. Thus it becomes important, when sizing a 
CMG that the gimbal motor, has a gimbal rate matching or exceeding the maximum 
angular rate requirement of the spacecraft. The above results are confirmed by using 
the attitude control model developed in Section 3.8.1. A control strategy is developed 
that demonstrates torque amplification for a large angle maneuvre. A required 
(reference) large angle is divided in smaller incremental maneuvers. For this 
incremental maneuver, NGyr. will have the same maximum value, but is repeated n 
times. Thus: 
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01, to <t< tj 
Ok =k! Mf- 
02, tl <t< t2 
andk =(1,2 n) 
n 
=' 03, t2 <t< t3 
On, tn-I <t< tn 
where, 
0,,, f is the reference maneuvre ,n the number of increments 
in which the maneuvre is 
to be completed and & the total time required to complete the full maneuver. 
One way to mathematically represent torque amplification is to use the integral of 
torque. Equation 4-5 allows monitoring, over a specific time period, of the 
amplification that CMGs are able to produce throughout a maneuver: 
t 
N.,, tput 
idt 
(4-5) 
IlNi,, 
tp. t 
Idt 
0 
4.2.2 Simulations and Results 
In the following simulations, a microsatellite with CMGs is used to demonstrate the 
control strategy previously described. 
For real time implementation a non-linear state PID feedback controller of the 
following form is utilized [Wie 2000a]: 
=-Kpq. -Klfq e -KD(o 
(4-6) 
where q, = [qle, q2. q3e ]T iS the attitude quaternion. error vector and Kp, KI and KD are 
to be properly selected. The gain selection is made as [Wie 2000a]: 
Kp=2 I(co. 2 +2 -ýCL) T) 
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K, =21 
1 
Kp (4-7) 
T 
KD,, - I 2CW,, +1 
where, 
(is the damping ratio 
co,, is the natural frequency 
T is the time constant of integral control and is often selected as T-I 0/(N) 
Parameter Value 
[I,, Iy, Izi (kg-M2) [2.5,2.5,2.5] 
RPY, -e .f 
(degrees) [90,0,0] 
d8,. t/dt (rad/s) 0.12 
ho (Nms) 0.35 
,8 
(degrees) 54.73 
COn I rad/s 
0.9 
ts-3 x 30 
los 
ts-90 30s 
Kp, K1, KD(3x3O") 
I 
0.826,0.0002,1.23 
I Kp, Ki, KD (9 04 ý) 1 1.392,0.0002,1.89 
Table 4.1: Simulation Parameters 
44 
I 
I 
a) 
RolWhclýYsw 
so 
so 
40 
20 
OL -I 0 10 20 40 so so 
Gýbsl Anoms 
b) 
trM(S) h" 
Figure 4.1: a) Roll-Pitch-Yaw b) Gimbal Angles for (1120) and (112* in 4x 280 
increments) 
Roll (112*) 
Roll (4 it 28*) 
Gl(1120) 
G3(112*) 
GI (4 x 28*) ....... 
G3(4 
x 28*) --- 
Roll-Pitch-Yaw Gimbal Angles 
a) 
tlm*. 0 
40. 
30- 
20- 
I: 
40 
3D 
20 
-30 - 
'NL 
40- 
0 lu 13 zu 25 30 35 40 45 50 (im, $ 
Figure 4.2: a) Roll-Pitch-Yaw b) Gimbal Angles for (90*) and (90* in 3011 
increments) 
Roll (go. ) 
Roll (3 x 30*) 
Gl(go. ) 
G3(go-) 
GI(3 
1300) 
G3(3 
x 30*) 
b) 
4-5 
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For the general case, as depicted in Figure 4.1, both maneuvers achieve the reference 
angle of 112" in roll. The gimbal angles for both maneuvers have the same maximum 
value of 451, as expected, with the incremental gimbal rate being four times larger 
than in the single increment maneuver. In this maneuvre a bang-bang type of 
controller is implemented. Figure 4.3 indicates the potential of large torque capability 
when using a multiple incremental maneuver. For the single increment maneuvre 
there is almost no torque amplification, whereas in the second multiple incremental 
maneuver the torque amplification is large. 
Figures 4.2,4.4 show the attitude, gimbal angles, and the output-input torque integral 
for a 90' roll maneuvre in comparison to an incremented 90' roll maneuvre performed 
in three successive 30' maneuvers. In both situations the maneuvre is completed 
within 30 seconds. Figures 4.2 and 4.4 confirm that an incremental maneuvre control 
strategy can potentially increase the torque amplification of a CMG system. It can be 
observed that although the same maximum gimbal angles are expected for both 
maneuvers, this occurs with a small error due to the non-linear PID controller used, 
which is not able to fully represent the bang-bang maneuvre. Another reason for this 
deviation is the gimbal angle dynamics. For the single 901 maneuver the gimbal 
angles reach a maximum of 47', whereas in the incremented maneuver the gimbal 
angles have a maximum of 40". Figures 4.3 and 4.4 demonstrate the torque capability 
of the incremental control strategy. It should be noted that in both types of maneuvers 
the input torque is the same. Thus, since this occurs and since the output torque in the 
incremental maneuvers is larger, the torque capability will be larger. 
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4.3 CMG sizing for Microsatellites 
The 4-CMG cluster in pyramid configuration discussed throughout this thesis is used 
as the basis for an ACS system for a microsatellite. From section 2.3 it was concluded 
that a torque of 52.25 mNm is required to perform a 30' maneuver in 10s. This 
requirement is used to size a CMG for a microsatellite (Eq. 4- 1): 
Ncmc; ýhX6 
Sizing the angular momentum of the CMG h and the maximum gimbal angles rate 
(same for all four CMGs) is a trade-off between performance (torque), size and 
singularity avoidance. One would want to keep the angular momentum as small as 
possible, since it depends on the inertia of the spinning wheel as well as the speed of 
rotation of the wheel. This implies that with a larger angular momentum, a larger DC 
motor will be required, with a heavier disc. On the other hand, the larger the gimbal 
rate, the larger the 6 angle excursions, thus the greater the probability that the CMGs 
will enter into a singularity. Thus it becomes important to optirmse h and ý given the 
mechanical constraints of a practical system. The attitude control model designed in 
previous sections is used to perform and evaluate this trade and to select the optimum 
values to be used in a CMG system. From simulations, it has been decided to use a 
of 7.5'/s (or 0.13 rad/s). This value slightly exceeds the maximum slew rate 
needed in order to perforrn a 30' maneuver in I Os. 
, 
M, L, 
------------- (o,, = 6'/s 
/ON 
Figure 4.6: Angular Rate Diagram 
This selection for ensures that torque amplification is feasible throughout a 
commanded maneuver. Normally, one can calculate the angular momentum h, by 
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using Equation 3-32 (and get ho of each CMG) but this " HI not enable Lis to properly 
size a CMG for a single axis maneuver. This can be explained by analysing tile 4- 
CMG cluster trying to do a maneuver about itsx-axis: 
z 
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11 6 I 
x 
--- -------- 
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Figure 4.7: CMG Cluster for an x-axis Maneuvre 
The torque generated will be: 
sin6, (-o. vfl (5 sin 
h, =ht) (. ov6l and 0 Nj% 
sin(5, sinfi j, cosp 
sin6, cosp 
h2 =ho - co. V6, 
_sin6,, 
vin, 8_ 
sin 
and (i' 20 
COS 
N,. 
v = 
ho (5, co. sA-os(5_, 
Due to symmetric rotation 6, = (ý, and (j, = (i, = (J : 
N, = 2hO 15 cosA -o, vt5 (4-8) 
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Thus, for N, = 52.25 mNm, Lax = 0.13 rad/s and 8= 0% ho = 0.347 Nrns 
A value of 0.35 Nrns is used to size the disc of the spinning wheel: 
ho -"": ICMGO) 
The DC motor chosen to be used to spin the disc has a maximum speed of rotation of 
20,000 rpm. Thus, a disc with an inertia of 1.7 x 104 k g_M2 is needed. 
A very important consideration into designing and sizing a CMG is the 'gyro torque', 
NGy,,. acting back to the system. With high angular rates this torque can be of 
substantial magnitude and can decrease the amplification effect of CMGs. Thus it is 
necessary to analyze this torque and take it into consideration when sizing the CMG. 
For the CMG cluster being analyzed, NGyro can be found following Equation 4-3. 
Then, it is necessary to multiply NGyro by a projection matrix in order to calculate the 
specified torque per CNIG (projection from the XYZ reference frame to the gimbal 
axis of each CMG). The projection matrix S projects the 3xI NGyro vector from the 
XYZ reference frame to a4xI NGyro-CMG vector with respect to the gimbal frame. By 
observation (Figure 4.7) this projection matrix is: 
S, 6 o - Sfl 0 
0 SJ6 0 
1 
-s, 6 
CP C)6 CP C)6 
Thus: 
NGyno-. CMG: -- ST NGyro (4-9) 
Similarly, the acceleration torque (second part of Equation 4-3) can be calculated: 
NG., 
c -": 
IG ý 
where, we assume IG =2x 10-4 k g_M2 (Gimbal frame and transverse momentum 
wheel moments of Inertia). Now that all CMG parameters have been established, 
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these values can be put into the attitude control model designed in order to evaluate 
the performance of the proposed CMG. 
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Figure 4.8 depicts the simulation of a microsatellite performing a 30' maneuver in 10s 
with the derived CMG parameters. The maneuver is accomplished within 10s. Figure 
4.8b indicates the gimbal angle excursions, not exceeding more than 36". The CMG 
torque and angular momentum values reach the values expected. The spacecraft 
angular rates also achieve a maximum of 5.417s in order to accomplish the 31/s 
average slew requirement. Figure 4.8g indicates the acceleration torque caused by the 
inertia of the gimbal frame, which is negligible when compared to the gyroscopic 
torque reacting on each CMG. Figure 4.8h illustrates the importance of the gyroscopic 
torque reaching values of ± 0.0155 mNm. 
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Figure 4.9: CMG Torque and Gyroscopic Torque (in CMG coordinate frame) 
Figure 4.9 illustrates the above point in a better way. The CMG torque is converted 
with a projection matrix to the CMG local coordinate frame and directly compared to 
the gyroscopic torque. The CMG system is able to sustain the gyroscopic torque and 
due to its gimbal rate and CMG geometry is able to produce the necessary torque and 
complete the commanded maneuvre. 
The above simulations have assisted in defining the CMG design parameters and 
performance summarized in Table 4.2. 
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Parameter Value 
DC motor mass [Faulhaber G15251 30 g 
Momentum Wheel 150 g 
Gimbal motor mass IP101 9g 
Gimbal Motor Gear box [R10] 6g 
Power (Min. -Max. ) TBD 
Voltage 5-12 V 
CMG Mass -200 g 
CMG Ang. Mom. ho (co,, = 20,000 rpm) 0.35 Nms 
Maximum CMG Ang. Mom. hcmG-,,,,,, 1.1 Nms 
CMG avionics 20 g 
Mechanical Assembly 200 g 
CMG Total Mass (4 CMCs + Avionics) -1 kg 
CMG Output Torque 52.25 mNm 
Table 4.2: Desired CMG Design and Performance Parameters 
4.4 Conclusions 
In this chapter the important issue of 'torque amplification' is addressed, indicating 
the importance of the gyroscopic torque generated by SGCMGs, which is fed back to 
the ACS system. A control strategy for completing a large slew angle in smaller 
incremental angles demonstrates the torque capability of CMGs. This becomes an 
important factor in the later stage when a CMG is sized for a microsatellite for a Y/s 
average slew capability. The analysis done indicates that a 4-CMG cluster in pyramid 
configuration is feasible for microsatellites and can produce the required torque of 
52-25 mNm, with an assumed mass of equal or less than I kg. In summary, the 
analyses and simulations in this chapter indicate: 
1. CMGs can under certain conditions be used for rapid slew maneuvers. 
2. CMG torque amplification only exists when angular body rates are less than 
gimbal rates. 
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3. Sizing a CMG, is a trade between the CMG mass, average slew rate 
requirement, maximum gimbal rate, singularity avoidance and hardware 
constraints. 
A flow diagram (Figure 4.9) indicates the CMG sizing methodology used. 
Having defined the theoretical foundation of CMGs, the next stage is to confirm the 
theoretical findings, in a practical way, designing and testing a CMG for a 
microsatellite according to the parameters specified in Table 4.2. The design and 
testing of this CMG is described in Chapter 5. 
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Figure 4.10: CMG Sizing Flow Diagram 
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5 Laboratory Experiments of Control Moment Gyros 
for Agile Microsatellites 
5.1 Introduction 
This chapter presents practical results on the performance of two versions of a Control 
Moment Gyroscope (CMG). The goal is to design a CMG cluster for 3-axis control for 
agile n-ficrosatellites. The experimental data are compared with simulation (theoretical) 
results and both are used to verify the principles, benefits and performance specifications 
of the CMG cluster. The CMG configuration is of the pyramid configuration described in 
Chapter 3. At first a single CMG is designed in order to evaluate the principles of a CMG 
as well as a number of technologies to be used (various types of Brushless, Brushed DC 
motors, stepper motors, couplers,, gears). The performance of this CMG is evaluated 
using an air-bearing table. This is used to measure the output torque of the single CMG. 
Having tested the earlier CMG, a cluster of a more refined and up-rated CMGs is 
designed and tested on the air-bearing facility. The main aims, are: 
1. To practically confirm the theoretical work (simulations) performed in previous 
sections 
2. To validate the viability of using CMG's as actuators on a microsatellite in a 
practical way 
3. To confirm the agility and power efficiency that CMGs can potentially provide to 
microsatellites 
CMG systems are considered to be in the literature [Schaub, 1998], [Schaub, 2000], 
[Roser, 1997), [Salenc, 2000] more efficient devices from an electrical power point of 
view, than current actuators such as RWs and MWs. Thus it becomes important to 
measure the electrical power consumption of a CMG system, in this case the CMG Mk. Il 
system. These measurements are than compared to two of SSTL's RWs. These RWs are 
currently operational and in orbit: SSTL's minisatellite UoSAT-12 RW and Tsinghua 
University's Tsinghua-I microsatellite RW. 
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5.2 Design of a miniature CMG (Mk. 1) 
The design comprises of an ultra miniature, high performance brushed motor, ginibaled 
by a stepper motor. The use of a stepper motor is justified by trying to keep tile design 
simple and reliable. Two stepper motors are used, with different step angles in order to 
evaluate the effects of CMG resolution. A potentiometer and encoder are used to get 
readings for the rate of rotation of the DC motor mounted on its shaft. A gear is used with 
an approximate ratio of 20: 1 to reduce the 1.8' step angle to a 0.09' step angle, thus 
increasing the resolution of the CMG. Two bearings are used to provide structural 
support to the CMG shafts. Two couplers, one per side connect the rotating shafts with 
the potentiometer and with the stepper motor respectively. This particular CMG will be 
referred to from hereon as CMG Mk. l. Figure 5.1 shows a conceptual model of CMG 
Mk. l. 
Figure 5.1: Conceptual Drawing of CMG Mk. 1 
The specifications of the motors used on CMG MU can be found in Appendix C. Tile 
Brushed DC motor is used to spin the flywheel, which is using SNAP-I's flywhccl 
[Steyn, 2000]. The choice of this wheel was dictated by the availability of SNAP-1 
backup flywheels. 
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Figure 5.2: CMG Mk. l on Air-Bearing table 
5.3 Experimental Testing of CMG MU 
5.3.1 Introduction to Air-Bearing and Experimental Hardware 
Having designed the electronics to control the DC motor and stepper motors, the CMG is 
put on an air bearing table. An air-bearing table provides the capability of rotation 
without significant friction. It is frequently used to test the dynamic characteristics and 
perfon-nance of a model satellite control system during the pre-launch experimental 
testing campaign on the ground. It is suspended by air, which allows nearly frictionless 
rotation. The rotational freedom depends on the mechanical structure. The air bearing 
table used is a single degree of freedom air bearing mounted around a sei-ni-sphere which 
provides air suspension via 6 holes placed 120' apart in two different levels, which 
propel air under pressure to slightly lift the rotating part of the table from the stationary 
part, as depicted in Figure 5.3. The resulting lack of contact between the rotating and 
stationary part offers significant advantages such as: 
* Low ffiction 
0 High degree accuracy of motion 
9 Zero wear 
Balancing masses are used to properly balance the air-bearing platform. 
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Figure 5.3: Schematic of the CMG/Air-Bearing Experimental Set-Up 
5.3.2 Dynamics of Air-Bearing and Experimental Results 
In order to test the CMG, the CMG test assembly was put on the air-bearing table. A 
laser-pointing device was used to reflect on a mirror on the test assembly in order to 
calculate the angular rate of the rotating plafforni, which is rotating due to the torque 
exerted by the CMG. The method used to test the CMG was to allow the CMG begin 
operating from a known angle (50 of 25' between the spin axis and the horizontal (Figure 
5.4). The CMG is then commanded to perforrn a 50' excursion and return to its initial 
position, thus resulting to a 100' total gimbal angle excursion (50' positive and 50' 
negative) increasing from 25' to -25' from the horizontal and then back. This will 
5-4 
generate a rotation about the air-bearing rotation axis. In order to measure this angle a 
laser-pointing device is used to reflect on a mirror on the rotating platfonn. The reflected 
beam is projected as a dot within a measured distance between the laser-pointing device 
and mirror locations. The maneuver accomplished is timed with a stopwatch. That allows 
measuring the average angular rate and angular acceleration of the platform. 
z-axis (rotation axis) 
GFlywheel 
axis 
Figure 5.4: Gimbal Angle Excursions 
The period and frequency of these 50' excursions can be varied and various 
measurements are made in order to evaluate the CMGs performance. The theoretical and 
experimental values of the CMG designed are compared. The CMG output torque is 
given by Equation 5-1 [Wie, 1992]. The theoretical values for calculating the torque, are 
attained by using the known angular momentum, h, of the CMG by using Equation 5-2 
(IcmG and co,, are known) and the commanded gimbal rates. 
N=hxý (5-1) 
hO = ICMGCOw (5-2) 
The magnitude of Equation 5-1, for the CMG gimbal excursion performed is given as: 
N, =hý cosc5o 
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the rotation table: 
NcmG + Nd -ý -, AB CO AB 
where, 
C')AB is the angular speed of the air-bearing rotating platfonn 
(5-3) 
co,, is the angular speed of the CMG flywheel 
Nd is the external disturbance torque 
For Nd =0 (due to th e air-bearing table) and by knowing the moment of inertia of the air- 
bearing table IAB (4.4 kg-m2) the experimental measurements can be used to calculate the 
experimental torque of the CMG. 
Theoretical vs Experimental CMG MkI Torques 
1.20E-02 
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2. OOE-03 
O. OOE+00 
Theoretical Torque 
Experimental Torque 
05 10 15 20 25 30 
Gmbal Rates (degls) 
Figure 5.5: a) Theoretical and Experimental CMG MU Torques 
Comparing the theoretical and experimental data, it can be observed that the values are 
very close to each other with small deviations of error. This can be justified from the low 
girnbal rates causing long excursions in the measurements of the distance measured from 
5-6 
Absolute Torque Error in CMG MU Experiment 
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Figure 5.5: b) Theoretical and Experimental CMG MU Absolute Torque Error 
the reflecting laser beam. Due to the small disturbances still existent in the air-bearing 
table, flywheel imbalances, flexing of the wires, flowing air in the room where the 
experiment takes place and also due to the small torques being measured, some small 
errors in measurements are expected. Nonetheless the CMG MU is able to generate a 
torque of 8.84 mNm. with a gimbal rate of 24/s. For practical purposes a flywheel inertia 
of 2x 10-5 kg-m2 was used as well as a DC motor with a maximum angular speed of 
11,200 rpm (maximum speed 16,000 rpm). Due to aerodynamic friction the maximum 
speed of the motor cannot be obtained unless used in vacuum. The angular momentum 
produced from the CMG flywheel was calculated using an average measured value of the 
flywheel speed which was 11,200 rpm ± 15 rpm. A value of 11,200 rpm was used for the 
theoretical angular momentum of the CMG in the simulations. The theoretical value 
expected for a gimbal rate of 241/s is 9.82 niNm. This is compared to the experimental 
value of 8.84 mNm, (Figure 5.5) and results to a difference. (error) of 9.97%. This is the 
maximum error attained from all gimbal rates used (4.8,6,8,12,24 '/s), as expected. 
The torque error (between experimental and theoretical values) is small at lower gimbal 
rates and increases with the increase in gimbal rate (1.28-9.971/o). This can be explained 
from the fact that with higher gimbal rates all disturbances are amplified especially those 
that are mechanical related such as flywheel imbalances, stepper motor backlash, 
slippage of the stepper motor gear and flexing of the wires. For the above experiment 
5-7 
multiple measurements were made. In the Figures above ten sets of measurements were 
used attained in different dates between the I" and 17 th of July 2002. The average RMS 
error between the theoretical and experimental data was 1.1375 mNn-L This value was 
attained by calculating the RMS error for each set of measurements and then calculating 
the average of the ten RMS error values. 
5.3.3 Actuator Comparison 
The CMG MU has been designed to mainly demonstrate, in a practical way, that CMGs 
are feasible to be used as actuators for agile microsatellites. The experimental results of 
Section 5.3.2 confirm this and also support the theoretical simulations. 
Parameter CMG 
E. Microsat 
RW 
E. Microsat 
Mass of s/c (kg) 50 50 
Type of actuator I CMG I RW 
Mass (11) -320 1000 
Power Av. Per actuator (W) 0.1-1.2 0.8-3.5 
Voltage (V) 5-12 12-16 
Max. Ang. Mom. (Nms) 0.0235 0.36 
Max. Torque (mNm) 8.84 10 
Sat. Inertias (kg-mz) [2.5,2.5,2.5] [2.5,2.5,2.5] 
Average slew rate ("/s) 1.23 1.31 
Min. time for 30* (s) 24.45 22.876 
Table 5.1: CMG Mk. 1 and SSTL Microsatellite Reaction Wheel Comparison 
Table 5.1 presents a potential CMG actuator, based on CMG Mk. l, for an agile 
microsatellite in comparison to a reaction wheel (RW) developed in SSTL for 
microsatellites [Steyn, 2000]. Although the CMG MU was not designed (packaged) for 
satellite missions, it can be observed that both actuators (CMG MU and SSTL RW) can 
produce the similar torques (8.84 and 10 rnNm) with the CMG having the ability to use 
less electrical power and potentially less mass. Since the CMG under study has been 
sized for a 3*/s average slew requirement, one can assume that a reaction wheel could be 
designed to produce the required torque of 52.5 mNm for the 31/s requirement, but such 
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an actuator would, typically, have a mass of more than 2 or 3 kg, resulting in an overall 
mass of 8-12 kg for a 4-RW system (for a 50 kg n-krosatellite). In the next section, a 
more improved version of a CMGF is described, the CMG Mk. 11. 
5.4 Design and Experimental Testing of a cluster of CMGs (MUI) 
5.4.1 CMG Mk. 11 Design 
Having tested the capability of the MU CMG, another CMG is designed as part of a 4- 
CMG cluster, the CMG Mk. 11. The CMG MUI utilizes: 
"A different and more powerful BLDC motor with integrated electronics 
(Faulhaber 1525 BRE) 
"A larger flywheel (angular momentum), properly sized to generate the required 
torque on the MUI CMG (IcmG = 1.7 x 104 kg-m) 
" The same stepper/gimbal motor (Escap POI O/RIO) as in the MU 
" New electronics based on a C515 Microcontroller 
The MUI version focuses on resembling as much as possible a future CMG ACS system 
for the 50 kg microsatellite model used throughout this thesis. In this context the CMG 
electronics are designed based on the architecture used on SSTL's small satellite designs. 
A C515 microcontroller is used to 'translate' via a Control Area Network CAN bus 
various telecommands, which enable the gimbal motors to operate. A PC is used to send 
telecommands and receive telemetry to the CMG cluster. Different gimbal rates can also 
be produced resulting to different gimbal angle excursions, thus different torque outputs. 
An improved and more robust mechanical design is also implemented in the CMG Mk. II 
design. Figure 5.6 shows the new and larger flywheel used. 
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Figure 5.6: CMG MUI Flywheel Diagrams 
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Figure 5.7: CMG MKII Cluster Diagram 
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Figure 5.7 illustrates the CMG cluster configuration with its main elements. A new 
flywheel design is implemented to provide the necessary CMG angular momentum. The 
gimbal/stepper motors are the same as in the MU version. Four Faulhaber 1525 BRE 
BDCM are used with integrated electronics. Four Sector potentiometers are used to 
provide position readings of the CMG gimbal shaft. A set of two couplers and bearings 
per CMG (total of eight) provide structural support to the CMG cluster. The hardware 
components used are not specifically 'space rated' due to the high cost of purchase. 
However they can be graded for the space environment if this is requested. In this case 
special material/lubrication is applied. Further proof to this is the development and 
delivery of Faulhaber and Escap motors, similar to those used in the experiments 
conducted for the CMG Mk. II, for the BILSAT CMG experimental payload [Bradford 
2002], [Leloglu 2002]. 
Power 
PC CAN 515 
(OBC) Controller 
CMC Cluster 
I Stepper IC I 
Figure 5.8: CMG Mk. ll Cluster Electronics Block Diagram 
The CMG Mk. 11 under discussion was not optunised from a volume point of view, 
although consideration was given in order to make as many savings in mass as possible. 
Table 5.2 summarizes the CMG MAI characteristics. The CMG power is further 
discussed at Section 5.5.1.1. For the CMG angular momentum the 0.23 Nins is the value 
generated with a flywheel speed of 11,200 rpm due to aerodynamic friction. In this case 
the experimental variation was ±10 rpm mainly due to the larger flywheel and the 
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improved BDCM electronics, which are able to do the wheel speed control more 
accurately. Another important point is that the CMG mass value does not take into 
account any shielding protection, which would be required for the CMG if they were to 
be flown on a microsatellite. The overall CMG mass was deduced using a scale available 
in the SSC Propulsion Lab. 
Parameter Value 
DC motor mass [Faulhaber 1525E] 30g 
Momentum Wheel 150 g 
Gimbal motor mass IP101 9g 
Gimbal Motor Gear box JR101 6R 
Potentiometer [Sector] log 
Couplers (2) log 
CMG cluster Power (Min. -Max. ) TBD 
Voltage 5-12 V 
CMG Mass 200 g 
CMG Ang. Mom. ho ((o, - 11,200 rpm) 0.23 Nms 
CMG avionics 50 g 
CMG Total Mass -1170 
CMG Output Torque 52.5 
Mmý 
Table 5.2: CMG MUI Characteristics 
5.4.2 CMG Mk. 11 Electronics 
The CMG MUI electronics are designed with the same architecture used in most of the 
UoSAT small satellites. Its processor is based on the Siemens C5 IS n-dcroprocessor. Four 
Motorola MC3479 (Appendix C) stepper motor Integrated Circuits (Ics) are used to 
power the four stepper motors. These ICs are connected to the C515 microcontroller as 
depicted in Figure 5.9. In order to command the CMGs to operate, CAN-PC is used, 
which is a simple PC program implementing CAN telemetry, telecommand and file 
transfer protocols [Jackson 1997]. In this programme, simple executables (e. g. 
telecommands) are designed to make the CMG's operate with the desired girnbal rates 
(positive/negative), direction (clockwise/counter clockwise) (Appendix Q. The 
telecommand is then processed through the CAN card and is intercepted by the C515 
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microprocessor. A CMG programme on the C515 board is then used to communicate the 
telecommands to the stepper motors. This programme is further explained in the 
following Figures. The CMG programme used is composed of a main processor loop, 
which executes concurrently a number of tasks. The main processor loop (Figure 5.10) 
reads the telecommands and performs them accordingly. These include displaying the 
gimbal angle values, setting the gimbal rates and step mode according to the executables 
that have been written. 
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Figure 5.9: Detailed CMG Electronics block diagram 
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Figure 5.10: C51 5 CNIG software main processor loop block diagram 
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Figure 5.11: C515 Interrupt and Sampling Uop Block Diagrams 
The tasks described in Figure 5.11 depict the updating of the gimbal rates for the 4 
CMGs, testing of the gimbal rate limits and the sampling of the A/D channels. Figure 
5.12 is the CAN interface loop. In this loop addresses are assigned to various tasks such 
as setting gimbal rates, zeroing the gimbal angles, setting the step mode etc. 
5-15 
Start 
00 Is CAN No 
cmbled ?? 
Yes 
Get CAN A 
2 message 
Is it a 
telccommand ? 
Yes A"Yes 
Zero gimbal 
zz 
angles & send 
p1s 
ccmd# 
ack't 
No No 
Set gimbal rate Yes es 
for CMGs Is cmd4 Is cmd# 1,2,3 or 4& 
se d 
No 
Yes 
Set full/half 
step mode & Is cmd4 5? 
send 
Set CMG 
gin-bal limit 
No 
I Yes ýls 
cmd# 6? 
No 
Send back 
error message 
No Is it a 
NNoo it a 0ý Is Is it Send back 
t telemetry e le m lemet error message 
r request equest ? 
'y Yes 
s Yes 
If cmd# < If cm #< lfcmd# <188 
Send back 
analogue values 
NNoo 
Yess 
I Is cmd## Send back CMG 
19,20,21 ?> gimbal angles 
No 
Send back 
s cm 
error 
Figure 5.12: C515 CAN Interface Loop Block Diagram 
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5.4.3 CMG Mk. 11 Cluster Experiments and Results 
In order to test the CMG cluster, the air-bearing test facility IS used again. An Inertial 
Measurement Unit (IMU), which comprises three gyroscopes, one per axis, is used to 
record angular rate measurements of the rotating platform. The experiments involves 
performing two maneuvers: 
*A single axis maneuver where two CMGs are used. An analysis of such a 
maneuver was performed in Chapter 4 
oA single axis maneuver where four CMGs are used 
The experimental set-up of the CMG cluster is depicted in Figure 5.13. 
0 
'I 
a 
Figure 5.13: CMG Mk. 11 Cluster Experimental Set-Up 
4 
'1 
The experiments are conducted in the University of Surrey's AODCS room in the 
Propulsion Lab located in the lower level of the Surrey Space Centre. Although the 
environment is not ideal for experiments that require the absence of aerodynamic friction, 
it is better suited due to the rnedium grade environment (compared to normal 
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laboratories) existent due to the propulsion requirements for which the laboratory was 
built for. 
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Figure 5.14: Block Diagram of the CMG Cluster Experiments on the Air-Bearing 
Platform 
The CMGs used in the experiment are all identical, placed in the analysed pyramid 
geometrical configuration with a skew angle of 54.70. The CMG electronics are 
positioned together with the CMG hardware and the only wires attached are the CAN 
bus, IMU serial link and power cables. Figure 5.14 indicates a block diagram of the 
experiment performed. 
5.4.3.1 Single-Axis Maneuvre with Two CMGs 
Similar to the previous experiment in Section 5.3.2, for Nd =0 (due to the air-bearing 
table) and by knowing the moment of inertia of the air-bearing table I, 4B (0.8 kg-m2) the 
experimental measurements of the angular rate co, can be used to calculate the 
experimental torque of the CMG cluster as seen in the block diagram of Figure 5.14. The 
mathematical model, which is used to generate the theoretical values in this experiment, 
is provided in Section 4.3. 
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Figure 5.15: a) Theoretical vs. Experimental CMG Torque b) Theoretical vs. 
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The experiment conducted assumes identical behavior of the CMGs, which limits the test 
conducted. Figure 5.15a indicates the theoretical and experimental CMG torques. Due to 
differentiation of the angular rates, the experimental value for torque starts from zero. 
The theoretical values are generated from CMG simulations modeled in MATLABO and 
SIMULINKC which do not take under consideration the wheel and gimbal motor 
dynamics, or any other internal disturbances such as motor cogging or torque ripple 
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effects. The error between the two curves reaches a maximum of 0.006 Nm and this is 
mainly due to the disturbances that affect the CMG cluster on the air-bearing (air-bcaring 
bias, friction) and also due to mechanical reasons (CMG stepper motor backlash, micro 
vibrations, wheel imbalances and small wheel speed variations). The most dominating 
sources of error are those caused by aerodynamic friction and due to air-bearing biases. 
For the mechanical errors, although they are high bandwidth disturbances they can 
potentially cause small errors in measurement. The IMU sampling is of the order of I s. 
Figure 5.15b presents the angular rates (measured and simulation values) with a 
maximum angular rate of 17.40/s (experimental) and a maximum theoretical value of 
18.6'/s. Multiple measurements were made and the best individual measurement set was 
used. The measurements were taken using small sampling rates due to the high angular 
rates of the rotating platform. The small errors between theoretical and experimental 
values can be explained from the disturbances mentioned. These errors are within a band 
of ±-0.8 Vs. Figure 5.15c illustrates the values for the angle 0, the rotation angle of the 
rotating air-bearing platform caused by the CMG girnbaling. The angle 0 expected from 
simulations is 218.40 whereas the experimental value attained is 209.80. Considering that 
the maneuver performed is an open-loop maneuver and coupling the disturbance effects 
of the air-bearing this result is within an error of 8.6'. This error in angle 0 is expected to 
significantly decrease if the experiments where to be performed in a more ideal 
environment (clean room or in vacuum). However, even with the mentioned disturbances 
and expected small error in the rotation angle 0, the experiments demonstrate the CMG 
performance for a 0.8 kg-mý platform along with the significant torque capability of the 
CMGs. Figure 5.15d depicts the gimbal rates fed to the CMG system by the gimbal 
stepper motors with values of -+7.5"/s which generate gimbal angle excursions of ±75". As 
with the CMG MU experiments ten sets of measurements were used in the above 
experiment as with the following experiments. The RMS values of each set were 
calculated and an average of the ten sets were derived for the angular rate, torque and 
yaw angle errors. These RMS values are: 1.574 */s, 3.237 mNm and 4.897*. 
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5.4.3.2 Single-Axis Maneuver with Four CMGs 
The previous maneuver represents the case for a single-axis maneuver about a single axis, 
where two CMGs are used. The next maneuver to be investigated is for a maneuver about 
the z-axis, a case in which due to the CMG cluster arrangement all four CMG's are used 
to complete the maneuver. The total CMG torque about the z-axis, N, can be calculated 
as: 
F COS, 8 sin 81 COS 82 Cos fl sin 83 COS 84 h, =ho COS 81 h2= ho - cos, 8 sin 82 h3 =ho - COS 83 h4 =ho cospsin 84 
sinBsin8l sinfl sin 82 sin P sin 
83 sin fi sin 84 
sin 03 sin 0 
ýj 0 8*2 = 
S2 
sinO 9 
i3 0 8'4 S4 sin 
COS A COS 10 _ý3 
COSfl 
_'S4 
COS fl- 
The cross product of each of the CMG terms provide the torque generated per CMG 
(NCMG-1). The sum of CMG torques about the z-axis is thus: 
4 
Ný = y-ho ä, sinßcosö, (5-5) 
l=I 
Due to synmietric rotation 61 = (52 = 63 = 64 =6 and (51 = (52 = 63 = 
64 =6 
N. = 4ho j sinp cosb -6) (5 
Thus, for ý max = 0.12 rad/s and 5= 00, ho = 0.3 5 Nms, N, = 13 7.12 mNm, however due to 
aerodynamic friction the expected (measured) angular momentum available is ho = 0.23 
Nms (I 1,200rpm). This means that the expected torque (expected from the CMG 
experiment) would be about N, = 93.89 mNn-L 
This advantage in torque capability about the z-axis of the CMG pyramid can be further 
utilised when CMGs are potentially used in a space mission by aligning the z-axis of the 
pyramid cluster vvith the axis of most interest in the spacecraft (or body) coordinate framc 
(e. g. pitch axis). This can be used not only for increased performance but also for 
redundancy (use of 2 CMGs). 
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d) Gimbal Angles and Gimbal rates (Theoretical) 
Figure 5.16 indicates a number of findings for the maneuver about the z-axis. Similar to 
Figure 5.15a, Figure 5.16a presents the torque generated by the cluster of 4 CMG's used 
in this maneuver. A torque of 93.89 m. Nm is expected and while this torque is achieved 
during the practical experiments expected errors are encountered during the maneuver 
reaching levels within the ±18 mNm band. These errors are mainly due to the same errors 
sources as explained in the previous experiment. Due to the use of a cluster of 4 CMG's 
b) 
d) 
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these errors are expected to be amplified. Figure 5.16b shows the theoretical and 
experimental air-bearing platform angular rates, which achieve a maximum of 10.11"/s 
and 8.41'/s respectively. In this second air-bearing experiment a different platform inertia 
is used with an inertia Of IAB 4.1 kg-m2. The larger rotating platform is preferred to the 
lighter platform used in the previous experiment in order to sustain better possible 
residuals of unbalance disturbances. Figure 5.16c indicates the rotation angle 0 was 
measured by using the IMU resulting to a value of 101.7'. The value expected through 
simulations is 118.8'. Similar to the previous experiment Figure 5.16d presents the cluster 
CMG gimbal rates and gimbal angle excursions. The gimbal rates used are 7.5*/s and thus 
the gimbal angle excursions reach a maximum of 75' in 10s. The average RMS error 
values in this experiment (10 sets of measurements) for angular rate, torque and yaw 
angle are: 1.5250/s, 9.245 niNm and 15.874". 
5.4.3.3 Sources of Experimental Errors 
The above experiments have indicated that there are three main sources of error causing 
variations between the theoretical and experimental results. These are: 
1. Aerodynamics friction 
2. Air-bearing biases 
3. High frequency disturbances caused due to mechanical reasons 
Another important source of error is the noise that exists from the gyro measurements 
made using the IMU. For the above two experiments a sampling rate of Is was used. In 
the next Section a single-axis 40' maneuvre using two CMGs is performed using a 
smaller IMU sampling rate of 0.1s. In order to complete a single-axis 40" mancuvre in 
20s (for the air-bearing platform inertia Of IAB 4.1 kg-m2), a slightly higher gimbal rate is 
used of 7.75/s and thus the gimbal angle excursions reach a maximum of 77.5* in I Os. 
5.4.3.4 Single-axis maneuver with four CMGs 
Due to the noise caused from the gyro measurements, the angular rate measurements 
need to be filtered in order to reduce the noise. In this case a Kalman Filter is used 
[Kalman 1960, Brown 1997]. As seen in Figure 5.17d, the angular rates are increasing for 
I Os, reach a n=imum and then decrease for I Os where the maneuvre is completed. Thus 
we use two similar Kalman filters for each phase. First we assume: 
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(o =wo +wAt+q. (5-6) 
where, 
co is the angular acceleration vector 
co is the angular rate vector 
coo is the initial value of the angular rate 
q. is an estirnate of angular rate noise 
(o = coo +q, 
where, 
q. is an cstirnatc of angular acceleration noise 
cbO is the initial value of the angular acceleration 
(5-7) 
The values needed to be filtered are the angular rate CO angular acceleration ý). First we 
propagate the state vectors: 
AA 
(ok-I + 6k-I At 
A (5-8) 
(ok = 6k-I 
where, 
Wk is the intermediate angular rate state vector 
(Ok is the intermediate angular acceleration state vector 
A 
6)k-I is the filtered angular acceleration state vector 
k =I, Z3 ... n is the time of the I" phase of the maneuvre 
Then we propagate the Covariance matrix: 
- =[I 
0 Pk 
At]pk-l[ 1 
1] + 
[q. 
(5-9) 
01 At 0 
Which can also be written as: 
PI 
I12 fk 
-`ý 
[pF 
2 ý1 
f22 
Then we compute the Kalman Gain [Brown 1997]: 
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K=PH T (HPHT+R)" 
Where, 
R is is an estimate of the angular rate measurement noise 
H is the observation matrix H 10] 
Thus the Kalman Gain is: 
Kk 
-fil I=[ K1, 
(5-11) _rP, +RK f2l 211 
The state vectors are then updated: 
+Kll 03k "'-- to k 
(to 
k- 
Uk ) 
AA (5-12) 
6 k-1 : -- Ob k-1 +K 21 
((0 
k- 
Uk 
Last the Covariance matrix is updated as: 
=[I-KI, 
0- 
(5-13) Pk 
- 
K21 I- k 
As explained a similar Kalman filter is used for the second phase of the maneuvre 
(10: 5 tk < 20) but with the following modifications: 
0)k -"2 (ok-1 k-1 'ät 
h. (5-14) 
k-1 
Then we propagate the covariance matrix as: 
-fk 
= 
[I 
- At] Pk-1 
[_ 10+ [q. 0 
(5-15) 
01 At 1- 0 4w] 
For the single axis maneuvre performed, the initial values used are presented in Table 
5.3. Values for angular rate measurement noise R and angular rate and acceleration noise 
q. and q. are selected based on the observed noise levels and are refined heuristically. 
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Parameters Value 
(9 0 (rad/s) 
0 
2) 6o (rad/s 
0 
- P, i (rad/s)7 3.046 x 15: 
6 
P22 (rad/s")" 3.0276 x 10-9 
q. (rad/s)2 3.046 x 10-6 
d/s 2)2 q. (ra 
3.0276 x 10" 
R (rad/s)2 6.092x 10 
Table 5.3: Kalman Filter Parameters 
Figure 5.17a illustrates the torque profile generated for the single-axis 40' maneuvre. 
There are three profiles: The theoretical CMG torque is marked as a solid line, the raw 
measurement (or unfiltered) torque as a bar line and the filtered torque as a bar-dot line. 
The unfiltered torque clearly is very noisy, mainly due to the more pronounce effect of 
angular rate noise, especially after the differentiation of the angular rate which is needed 
to calculate the torque. Figure 5.17b presents more clearly the theoretical and the filtered 
experimental torques. Figure 5.17c illustrates the torque noise (caused by the gyro noise 
differentiated). The filtered, measured and theoretical angular rates are shown in Figure 
5.17d. Figure 5.18 shows the gyro noise attained from the IMU during the maneuvre. The 
CMGs rotate the air-bearing platform to an angle of approximately 37.89" (Figure 5.17e). 
This, compared to the theoretical simulations indicated an error in attitude (yaw) of 2.110 
or 5.275 %. Figure 5.17f presents the gimbal rate of ±7.75*/s used as well as the 
maximum gimbal angle excursions of ±77.5. The 40' maneuvre used in this Section is 
also used in the next Section (Section 5.5) in order to compare the power consumption of 
a CMG system to RW systen-L The average RMS error values in this experiment (10 sets 
of measurements) for angular rate, torque and yaw angle are: 0.204"/s, 4.21 mNm and 
1.0240. 
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5.5 CMG Electrical Power 
Electrical power is an issue critical in small satellite development and operations. 
Although some sources in the literature such as [Schaub, 1998], [Schaub, 2000], [Roser, 
1997], [Salenc, 2000] mention that CMGs require less electrical power than other 
actuators such as reaction/momentum wheels, there is no theoretical or practical support 
to this claim. 
CMG Microsat 
CMG module 
le 
RW Microsat 
Figure 5.19: CMG[RW Microsatellite diagrams 
N module 
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The development of the CMGs in this thesis as well as the information available on the 
reaction wheels developed at the Surrey Space Centre can provide though an indicative 
means of comparing the two different actuators. The CMG Mk. 11 was designed to be 
capable of producing a torque of 52.25 mNný which is sufficient to generate an average 
slcw rate of 3*/s for the microsatellite, platfonn analysed in this thesis. In the following 
Section a comparison is presented on the power consumption of reaction wheels built and 
designed in SSTL with the MUI CMG analysed in this thesis. Due to the difference in 
the design of reaction wheels of different manufacturers, the comparison to be presented 
applies only on the hardware designed in SSTUSSC. 
One of the reaction wheels produced in the Surrey Space Centre is the Tsinghua-I 
microsatellite reaction wheel, which is able to generate a torque of 20 mNm in a 
tetrahedron configuration. This is one of the reaction wheels, which will mainly be used 
to draw an indicative comparison with the CMGs. Two identical microsatellites are 
compared that have a CMG based and reaction wheel (RW) based ACS system with 4 
CMGs/RWs respectively in pyramid configuration. Table 5.4 indicates the characteristics 
and the potential performance of each microsatellite with the two different ACS systems. 
Parameters CMG Microsat RW Microsat 
Actuator CMGs RWs 
Number of Actuators 4 4 
Torque (mNm) 52.25 20 
Max. Ang. Momentum (Nms) 1.05 1.44 
ACS Mass -1 4 
Electrical Power (min-max) 1.68-6.48 3.2-14 
Sat. Inertias (kg-M2) [2.5,2.5,2.5] [2.5,2.5,2.5] 
Average Slew Rate Cls) 3 1.85 
Min. time for 300 (s) 10 16.17 
Table 5.4: CMG/RW Microsatellite Characteristics [Steyn 2001 b] 
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Table 5.4 demonstrates the potential benefits from using a CMG based ACS. The 
potential savings in mass could enable the inclusion of more payloads on the 
microsatellite platform. Although the RWs are able to generate 20 rnNm of torque (four 
RWs in pyramid configuration) their power requirement is higher than the CMGs and this 
potential configuration could eventually require nearly 10 % of the microsatellites mass 
and a significant volume as well. A more practical comparison of the electrical power 
consumption follows in the next paragraph. 
5.5.1 Practical Comparison of Electrical Power Consumption 
The following Section provides a practical insight into trying to measure the electrical 
power consumption of the CMG Mk. 11 cluster and then comparing it with two different 
RWs. Although the comparison is not exact due to the lack of having equally torque 
capable actuators in orbit (20m. Nm minisatellite RW and 5mNm microsatellite RW) as 
the CMGs, the comparison done provides realistic and practical data on the power 
cff icicncy and advantage when utilising a CMG system. 
5.5.3.1 CMG Electrical Power Consumption 
The comparison done in the previous Section is based on indicative numbers from the 
derived performance of the CMG cluster and of the UoSAT-12 RW. In this Section a 
comparison is made based on using the CMG cluster conducting a single-axis yaw 
maneuver on the air-bearing table where 2 CMGs are operated. This CMG operation is 
then compared to two single RW in-orbit performances, one using the minisatellite 
UOSAT-12 RW and another microsatellite RW from the Tsinghua-I microsatellite. The 
basis of the electrical power comparison of the actuators (CMG vs. RW) is completing 
the same single-axis maneuvre of 40', with one RW per case (minisatellite and 
microsatellite RWs) and two CMGs (as in Section 5.4.3.1). For the CMGs, similar to the 
previous experiments, a 20s bang-bang gimbal angle maneuver is performed with a 
gimbal rate of 7.75*/s and thus the gimbal angle excursions reach a maximum of 77.5' in 
IN and the maneuver is completed in 20s. This slightly larger gimbal rate enables the 
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completion of the required 40' maneuvre in 20s. This maneuvre is described in Section 
5.4.3.4. The electrical power is measured by measuring the current used by the stepper 
motors and BDC motors, in vacuum. A vacuum jar is used to simulate the space 
BDCM Electrical Power Consumption 
100 200 300 400 500 600 
Time (s) 
Figure 5.20: CMG BDCM Electrical Power Consumption 
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environment as close as possible, by using a pump to generate a pressure of 20 mBar 
(0.0194 atm) [Rietschle 2002]. Space is considered to have a pressure of approximately 
10-7 Torr, which is 1.35 x 10-4 Bar (1.31 x 10-4 atm) [Wertz 1999]. Although the pressure 
measured in the vacuum jar does not reach that in space (this would require using 
vacuum chambers which are very expensive facilities) it is substantially better (only I O/o) 
than operating the motors in aI atm environment. For electrical power consumption of 
motors, since the CMG cluster is operated in a1 atm environment it is iniportant to 
measure the motor current in vacuum in order to avoid measuring the extra power that 
would be required to fight aerodynamic friction that would exist in the I atm 
environment. This would make the electrical power consumption comparison of the 
CMGs, versus RWs in-orbit, more realistic. Figure 5.20 depicts the power consumption 
of the 2 BDCM spinning up to their maximum speed. After 51 Os electrical power settles 
to a value of 0.42 W. 
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Figure 5.22: CMG Cluster Electrical Power Consumption 
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Figure 5.21 illustrates the 2-stepper motor electrical power consumption. The current 
monitoring of the stepper motors is not exactly synchronised with the gimbal/stepper 
motor operations, there is a Is delay. This is clear when the stepper motor reaches its 
77.5'-peak angle, which occurs Ils after the maneuver is initiated. Since the stepper 
motor has to go to the opposite direction in order to go back to its 0' initial value there is 
a slight increase in current/power demand. Figure 5.22 presents the total CMG electrical 
power for the 2 CMGs used to perform a single-axis 40' maneuvre. The maximum power 
required is 1.617 W with an average power of 1.6145 W. 
One can practically confirm what was mentioned in Chapter 2 about the CMG electrical 
power consumption. Lets assume that we are to conduct three identical CMG maneuvers. 
This means, powering up and gimbaling them with the gimbal/steppcr motors with the 
same rate (7.75/s) and for the same time (20s). The initial spin-up power of the BDCM is 
not taken into consideration since this contribution will become negligible over time. 
Figure 5.23 confu-rns the assumption made in Chapter 2 about the electrical power 
consumption profile of an operational CMG cluster systent In this experiment the 4- 
CMGs electrical power increases to a maximum value of 3.24 W in order to perform the 
single axis maneuvre. It should be noted that for a CMG system the power needed for a 
single axis maneuvre or a maneuvre about all three principal axes is the same. The only 
electrical power needed for CMG operations is that required to maintain the CMG 
BDCM flywheels at their constant speeds and to power the stepper motors to gimbal the 
flywheels. As it will be seen in the next cases this is not the case for the RW systems. 
Another important point is that due to the way stepper motors operate (coils) their power 
is not a function of stepper motor rate (pulses). This means that the stepper motors will 
consume the same amount of power for various stepper motor rates. 
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4-CMG Cluster Electrical Power Consumption 
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Figure 5.23: 4-CMG Electrical Power Consumption for 3x 4011 Maneuvers 
5.5.3.2 RW Electrical Power Consumption 
Next, tNýo cases of RW based manoeuvres of different size (microsatellite and 
minisatellite) are presented. Table 5.5 details the specifications of the two RWs. 
Tsinghua-1 RW UoSAT-12 RW 
Manufacturer SSTL (3) SSTL (2) 
Ithaco (1) 
Quantity 3 units 3 units 
(X/Y/Z) (X/Y/Z) 
Type Brushless DC motor Brushless DC motor 
Dry lubricated Dry lubricated 
bearings bearings 
Operation 0.36 Nms @ 4 Nms @ 
Range +/- 5000 rpm 5000 rpm 
0.0 10 Nm max 0.02 Nrn max. 
Power 0.2-3 W 2.8- 14.6 W 
(zero to max. accel. ) (zero to max. accel. ) 
Operation Speed controlled Speed controlled 
Accuracy I +/- I rpm I +/--I TPM _j 
Table 5.5: Microsatellite and Minisatellite RW Specifications [Steyn 20001 
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First an experiment to show the electrical power consumption of the Tsinghua-I 
microsatellite RW is conducted. A 40' pitch maneuvre is commanded to be completed, as 
N&ith the case of the CMG in the previous Section. For Tinghua-1, a microsatellite 'with a 
mass of 50 kg (Table 5.7) the maneuvre is completed in 150s. Figure 5.24 illustrates the - 
maneuvre requested from data received via Tsinghua-I telemetry on September 9,2002. 
Figure 5.25 indicates the Tsinghua-I RW speed variation for the commanded maneuver. 
The wheel speed has a value of 422 RPM and reaches a maximum 911 RPM. Figure 5.26 
presents the torque profile of the actuator during the maneuvre. The torque is calculated 
using the following equation: 
N, Rw '-- 
IRw ow (5-16) 
Where Ijzw is the inertia of the flywheel with a value of 4x 10 -4 kg-m2. Figure 5.26 
indicates the absolute electrical power consumption of the RW during the maneuvre. The 
maximum electrical power occurs during the maximum acceleration of the flywheel, and 
its peak power reaches a value of 2.87 W. The average of the absolute electrical power 
during the maneuvre is 0.45 W. This is still not the overall maximum values of the RW 
since the wheels are not accelerating at their rnmimum acceleration capability on this 40' 
maneuvre. 
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Figure 5.27: Tsinghua-1 RW Absolute Electrical Power Consumption 
Similar to Tsinghua-1, the UoSAT-12 minisatellite is used to compare electrical power 
consumption to the CMG MKAI cluster. In this experiment, a single-axis 40' roll 
maneuvre is commanded using one of the SSTL RWs. Figure 5.28 depicts the 40' 
maneuvre. 
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Figure 5.29: UoSAT-12 SSTL RW Speed 
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Figure 5.30: UoSAT-12 SSTL RW Torque Profile 
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Figure 5.3 1: UoSAT-1 2 SSTL RW Absolute Electrical Power Consumption 
Figure 5.29 indicates the UoSAT-12 RW wheel speed, accelerating from a value of 23 
RPM to a maximum (absolute) of 289 RPM. Figure 5.30 presents the UoSAT-12 RW 
torque profile during maneuvre. For UoSAT-12, IRw is the inertia of the flywheel, with a 
value of 7.7 x 10-3 kg-M2 . Torques of 19.1 mNm are required 
for short acceleration times. 
Figure 5.31 indicates the absolute electrical power consumption of the RW. One can 
notice the instantaneous peaks in electrical power required to accelerate tile flywheel. Tile 
average electrical power for this maneuvre is near 2W whereas the maximum power 
exceeds 14 W. 
5.5.2 Electrical Power Consumption Discussion 
A series of experiments \vas conducted in order to detcrinine and compare the electrical 
I is not exact power consumption of a CMG and RW system. Although this comparison i 
due to the unavailability of a RW that can produce a 52.25 mNm torque as thc CMGs call 
produce, the results attained from the experiments provide useful inflorlilatioll towar(Is 
proving that CMGs are more efficient from an electrical power consullipt loll point of 
view than RW systems. Table 5.6 surnmarises the data attained from the electrical power 
experiments of the RW and CMG actuators, all perforining a single axis 40" inaneuvrc. 
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Clearly the CMGs rotate the air-bearing platform (4.1 kg-mý) rapidly, in 20s. In order to 
compare the actuators in an equal way, an energy index is introduced. The index reflects 
the energy accumulated during a maneuvre on a normalized I kg-m2 MOI platform. This 
index takes into account the slew rate (thus torque) capability of the actuators, the power 
required to perform the same single axis 400 maneuvre for all actuators 'using' the same 
platform (normalised I kg-m2). From Table 5.6 the CMGs prove to be the least power 
consuming actuator with an energy index of 7.85. This is 21.5 % more efficient than the 
Uo SAT- 12 RW power consumption and 70.9 % more efficient than the Tsinghua- I RW. 
Parameter UoSAT-12 Tsinghua-1 CMG 
MOI (kg-M2) 40 2.5 4.1 
Time (s) 200 150 20 
Torque (mN-m) 20 10 52.25 
Mass (kg) 3.2 1 0.585' 
Avg. Power (W) 2 0.45 1.61 
Scaled Power (W-kg-M2) 0.05 0.16 0.39 
Scaled Energy (J/kg-M2) 10 27 7.85 
___A 
Table 5.6: Electrical Power Consumption Experimental Data 
Thus we can conclude that the CMGs have a power advantage over RWs and can be 
considered as more power efficient actuators than RW. 
5.6 Conclusion 
Practical work confimns the theoretical findings on the advantageous use and 
performance of CMGs for agile, small satellites. A cluster of 4-CMGs in pyramid 
arrangement is used to demonstrate full 3-axis control. Using an air-bearing platform 
ground experiments were performed in order to evaluate the performance of the designed 
1 Mass for two CMGs, unpackaged 
540 
CMGs as well as to practically confirm the theoretical findings of Chapters 3 and 4. Two 
different types of CMGs were tested. First a miniature CMG was designed to test various 
technologies and to validate some of the basic principles of a CMG such as the large 
torques that can be generated by them. This particular CMG, the CMG MU, was able to 
generate a torque of 8.84 niNm, a large torque when compared to the current 
conventional actuators such as reaction wheels, using much lesser amounts of power and 
having a fraction of the mass of a reaction wheel. The CMG MU was used as a precursor 
towards developing a more powerful CMG, the CMG MUI, which would be able to 
generate the required torque of 52.25 mNm in order to provide an average slcw rate of 
30/s for the n-krosatellite platform analysed in this thesis. The CMG MMI was tested , in 
a cluster form with a pyramid configuration, using the same method as with CMG Mk. l. 
Two different single axis maneuvers were made in order to replicate a x-axis maneuver 
using two CMGs and a z-axis maneuver using four CMGs for a spacecraft equipped with 
CMGs. Due to disturbances such as aerodynamic friction it was expected that the CMGs 
would not be able to achieve their full torque capability on ground tests in a room 
environment. However the experiments indicated their large torque capability ranging 
from 36 mNm for the two CMG maneuver to 93.51 mNm for the four CMG maneuver. 
Furthermore experiments indicate the superior electrical power efficiency when utilizing 
a CMG cluster when compared to a RW system. Specifically the CMG Mk. ll maximum 
and average powers were found to be 1.614 W and 1.617 W respectively, which are less 
than the electrical power consumed by the UoSAT-12 and Tsinghua-I RWs. Specifically 
the CMGs are shown to be more power efficient by at least 21.5 % from reaction wheels, 
with a mass saving of 41.5 % to the smallest (Tsinghua-1) RW (Table 5.6). 
Having a total mass of about 1.17 kg (including all electronics), CMGs were shown in a 
practical way to potentially be an efficient and highly capable means of controlling agile 
microsatellites. 
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6 Control Moment Gyro Gimbal Angle 
0 Compensation using Magnetic Control during 
External Disturbances 
6.1 Introduction 
In this section a new method that compensates for the movement of the CMG 
gimbal angles due to external disturbances, using magnetic control (magnetic 
torquers) is presented. Before a commanded maneuver, the gimbal angles of a CMG 
equipped spacecraft may drift to various non-optimal values due to external 
disturbances. This can force the spacecraft into a singular state or into a lack of 
control authority. This will normally require the use of thrusters in order to drive the 
gimbal angles to a preferred set of gimbal angles, before performing the maneuver. 
Using consurnables (propellant), especially in microsatellites, should be avoided as 
much as possible due to mass, volume and mission considerations. However, with 
magnetic control, the gimbal angles can be kept within a sensible range about a 
reference or desired set of gimbal angle values. This also permits the spacecraft to 
keep its post manoeuvre attitude with limited errors in roll, pitch and yaw, depending 
upon the orbit in which the spacecraft operates. 
6.2 Magnetic Control Compensation Controller 
Magnetic control has been used in many spacecraft missions. The simplicity, 
inexpensive hardware and reasonably good attitude control (0.5" to 5' in all axes) 
makes magnetic control very attractive to use, especially for small satellites [Steyn 
1995, Steyn 1999, Steyn 2000]. 3-Axis magnetic torquers are primarily used for 
attitude control and momentum dumping of reaction/momentum wheels. In this thesis, 
magnetic torquers are proposed to be used to compensate for the SGCMG gimbal 
angle offset, caused by external disturbances. The gimbal angles naturally drift aw"ay 
from their nominal values and can eventually place the CMG system in a singularity. 
In this section, it is shown that magnetic control can be used to compensate for the 
gimbal angle offset due to external disturbance, without using valuable consurnables 
(propellant). 
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Interaction between a magnetic moment, M, generated by a spacecraft with the 
Earth's magnetic field, B, produces a control torque Nm acting on the spacecmft: 
Nm =MXB 
The direction of M can be controlled on average by a proper sequence of magnetic 
torquers firings, but the B field vector is dependent on the orbital location. As a result, 
the torque Nm which always is orthogonal to B and M is not necessarily favourable 
for control of the attitude of a specific spacecraft axis, in certain regions of the orbit. 
Another drawback of magnetic torquers is that it is possible that a desirable control 
torque for a certain attitude axis (pitch, roll, yaw), might generate undesirable 
disturbance torques for the other axes. 
The Earth's magnetic is predominately a magnetic dipole. The magnetic field can be 
expressed mathematically by a spherical harmonic model, the so-called IGRF 
(International Geomagnetic Reference Field) model [Wertz 1978]. For purposes of 
simulation a first order dipole model is utilised in order to represent the geomagnetic 
field vector [Steyn 19951. This dipole vector is expressed as: 
FR TM Tj B=V[ M' [I - 3RR (6-2) 3 j! Rs s 
where, 
V is the vector gradient operator 
R, is the length of the geocentric position vector 
R is the unit geocentric position vector 
Me is the geomagnetic strength of the dipole vector 
I is the identity matrix 
In orbital coordinates, the model is expressed as: 
B,, sini 
B0=B. 
y R. 3 - 
Cos (6-3) 
sin a 
COS6ý 
B2 sin i-sn 
whcrc, 
i is the orbit inclination and a is the orbit angle measured from the ascending nodc. 
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The model then has to be referred to the inertial frame (XI, Y1, ZO: 
x 10-5 
- sin i cos 2 a-2sini-sin2a 
B, 
Mý 
-cosi R3 2sini-cosa+sinisinacosa 
Geomagnetic Field Dipole B 
Iz 65 degrees, altitude z 700 km 
B., 
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B........ 
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.5 0 1000 2000 3000 4000 6000 6000 
time (S) 
Figure 6.1: Geomagnetic Field Dipole B (inertially referenced) 
From the above model it can be concluded that a low earth orbit (LEO) microsatellite 
(i = 650, altitude of 700 km) produces a small Biy component of -9-55 AT, a maximum 
Biz component of 20.5 AT, over the equator with Bj, zero, and a maximum BL. 
component of 31.5 ItT, over the polar region with Bi, zero. 
Having described the geomagnetic field, the relation between the vector dipole 
moment M from the magnetic torquers and CMG gimbal angles needs to be 
developed. M is given by: 
m- BxNc (6-4) 
JIBI12 
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where, 
M is the dipole moment vector 
B is the geomagnetic field vector measured in body coordinates 
N, is the torque required to compensate for the gimbal angle offset 
N, is dependent on the gimbal angles. Using Equation (3-14) one can relatc N, ýN ith 
the gimbal angles 8i as: 
Nc = -h = -A(6)6, (0-ý7, ) 
The gimbal angle rate error is given by: 
AT 
where, 
8* is the gimbal angle reference vector 
8 is the nominal gimbal angle vector Z-- 
(6-0) 
AT is the time, for the current gimbal angles to converge to the reference ginibal 
angles. 
.,, and 
B is known, thus it is not difficult to relate The orthogonal relation bct\k, ccn Ný I 
Ni. ýI, B, and N,: 
-90 
() <0< 90 () 
N,,, 
Figure 6.2: Relation of N.,,,, B, and N, 
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coso = 
Nc -Nm (6-7) INc JINm I 
The above relation demonstrates the need to have Nm match N. in both magnitude and 
direction by keeping angle 0 to a value of zero. This though, due to the nature of 
magnetic control is not always possible, as shown in following simulations of the 
controller. Thus, from Equations 6-1,64,6-5, and 6-6 the required torque needed to 
compensate for the gimbal angle offset can be calculated as well as the magnetic 
torque used to reorientate the gimbal angles to the reference values:, 
BXA 
a 
AT 
Nm =-- JIBI12 
KB (6-8) 
The following section provides details about the simulation of the described method 
within a CMG based attitude control model for microsatellites. 
The gimbal angle rate error is then used in a singularity avoidance steering law 
developed by Vadali et al [Vadali 1990]. In this method, the gimbal rate command is 
given in a feedback form: 
ý=A+h+pll-A T (AA T +aly 
I A](S* -8) (6-9) 
where, 
8* is a the desired (reference) gimbal angle vector, pa positive scalar gain to be 
properly selected, I is an identity matrix and aa positive scalar of the order of 0.01. 
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6.3 Simulations and Results 
In this section the attitude control model described in Section 3.8 is used to evaluate 
the new controller. Again, the PID feedback controller of the following form is 
utilized [Wie 2000a, Wie 2000b]: 
I =-Kpq, -Kjfqdt-KD(')B (6-10) 
where qe --: [qle, q2,,, q3e]T is the attitude quatemion error vector and Kp, K, and KD are 
to be properly selected. Values of these parameters are presented in Table 6.1. Figure 
6.3 indicates the magnetic control compensation controller control logic. 
.................................................................................................................................. 
Roll N Desired c Magnetic S* -8 Pitch Torque Torque ND Yaw AT 
........................................ 
f 
................. ........ .............................. ....... ............ 
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(Obf 
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Generator 
Controller 
(Oref q,, f 
Figure 6.3: Magnetic Control Compensation Controller Control Logic 
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Parameter Value 
[I, Iy, Ij (kg-m2) [10,10,10] 
RPY,, f (degrees) [45,0,0] 
Si. j (degrees) [0,0,0,0] 
dS,, t/dt (rad/s) 2.0 
ho (Nms) 1.0 
j6 (degrees) 54.73 
p 0.8 
a 0.001 
AT (s) 100 
S* (degrees) [0,0,0,0] 
ND (Nm) [10-4,104,104] 
M... (Am 2) [10,10,10] 
con I rad/s 
0.9 
150s 
Kp, KI, KD 0.023,0.0002,0.189 
Table 6.1: Simulation Parameters 
6-7 
Rolwitcb-yý 
a) 
c) 
06 02- 
03 ....... 
04 
04 
02- 
0 
4D. 2 
u 1000 2000 3000 4000 5000 eD bme (S) 
x 104 Reqwmd Torqw 
- 
-0 
i 
14' 
.2 
NI.. 
I 
-0.4' 0 1000 2000 3000 40DO 5= am 
time (S) 
Xle Magrolle Toque 
Roll-Pitch-Yow 
0.8 
N. 0.6 - N, 
N. ....... 0.4 - 
Q2 
0 
-Q2 
-0.4 
-0.6 
-0.8 
b) 
d) 
10 
Figure 6.4: a) Roll-Pitch-Yaw diagram during external disturbances, b) Roll- 
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Figure 6.4 indicates the behavior of roll, pitch and yaw for a commanded 45* roll 
maneuver with a severe constant disturbance of 10-4 Nm in all axes (see simulation 
parameters in Table 6.1). Clearly, the gimbal angles diverge very quickly, causing 
unacceptable errors to the spacecraft's orientation (Figures 6.4a, c). Using the steering 
law [Vadali 1990] described in Section 6.2, Figure 6.4d shows how the gimbal angles 
reach the requested values, but then gradually drift away. The new controller is able to 
control the gimbal angles within ±7 degrees of the specified values of 8* = [0', 0', 0', 
0']. For an ideal system in which the torque required to compensate for the gimbal 
angle deviations is being continuously fed back to the system (e. g. with thrusters), the 
required torque would be -104 Nm as indicated in Figure 6.4e, which is the same 
value we disturb the system with (in all three axes). This ideal feedback would almost 
perfectly compensate for the gimbal angle offset as can be seen in Figure 6.4i. Using 
the newly developed magnetic controller a magnetic torque can be generated to match 
the required torque for gimbal angle compensation as can be seen in Figure 6.4f This 
level of torque can be produced, on average by standard microsatellite magnetic 
torquers with a magnetic moment of 10 Am2. Due to the nature of magnetic control 
the torque generated can only be produced orthogonal to the B field. This explains the 
fact that unwanted torques are generated causing small errors in roll, pitch and yaw 
(<0.3 degrees) as can be seen in Figure 6.4b. The controller is unable to compensate 
for these unwanted torques, which results in controlling the gimbal angles within a 
band of values (± 7 degrees) around the specified values. This can also be seen in 
Figures 6.4g and 6.4f, where the relation between Nm and Ne is depicted. Due to the 
nature of magnetic control the angle 0 (the angle between Nrl and Nc) does not 
exactly match the ideal angle 0 (therefore having 0 equal to zero) that is required in 
order to continuously compensate for the gimbal angle deviations such as would 
happen by using thrusters. It is interesting to note in Figures 6.4d and h, when angle 0 
is zero, the magnetic torque exactly matches the required torque resulting in the 
gimbal angles being driven to the specified value. Since Nm depends on the B field, 
Nm will vary also depending on the spacecraft orbit and altitude. It is also possible to 
use the controller to change the desired gimbal angles to values, which can be more 
useful. For example, a preferred set of gimbal angles (8* = [45', 45", 45*, 45]) has 
been shown [Vadali 1990] to be able to avoid singularities under certain conditions. 
Such a set is advantageous to be used, a priori for a required maneuver. 
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6.4 Conclusion 
A newly developed controller based on magnetic control is described. The gimbal 
angles of a CMG cluster can diverge from their nominal values due to external 
disturbances. In such a situation the CMG system will either enter a singularity or the 
gimbal angles will reach unfavorable values when performing a maneuver. This will 
require the use of external torques to reorientate the gimbal angles to more favorable 
values. However, using the controller, the gimbal angles can be compensated to a 
specified set of angles within a certain range, without the use of valuable 
consurnables. Because magnetic torque can only be-'produced perpendicular to the B 
field, the gimbal angles may slightly diverge and then converge within a band from 
the nominal values. The controller is able not only to control the gimbal angles, but 
also enables the spacecraft to keep its commanded orientation with small errors even 
during severe disturbances. Simulations presented demonstrate the effectiveness of 
the proposed method as well as its practical use in a microsatellite CMG based ACS. 
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7 Conclusions and Future Work 
The research work presented in this thesis is a fusion of theoretical and practical 
findings on the development of a novel, alternative attitude control system for 
microsatellites, based on CMGs. The motivation behind this is that current 
technologies are not suitable to provide an average slew requirement of P/s as 
CMGs. Based on this requirement imposed by future space missions, as well as due to 
the need to develop new technologies, a CMG system is investigated as an ACS 
system for a microsatellite. Novel control algorithms are developed and together with 
practical work it is demonstrated that CMGs can potential become a viable, more 
efficient and capable actuator for microsatellites. A summary of the contributions 
made in this research study is outlined below: 
7.1 Design of a CMG based Attitude Control Model 
CMGs have been considered to be very complicated to understand, design and 
implement on spacecraft. In order to understand the dynamics of a CMG system for 3- 
axis control of spacecraft a MATLABz/SIMULINKo model was developed. In 
Chapter 3 this model is described in detail and it includes a closed loop control 
system, which incorporates the CMG dynamics, a satellite model where various 
satellite inertias can be used, various controllers such as PD and PID schemes as well 
as a variety of singularity avoidance steering laws. These models assist to understand 
how CMGs operate within an ACS model and how cffective they can be. They are 
also used to investigate how singularities affect the attitude of a satellite and provide a 
means to practically evaluate and visualisc existing singularity avoidance steering 
laws. 
7.2 Torque Amplification and CMG Sizing 
CMGs in the literature arc considered as torque amplificrs although no clear insight is 
given as to the reason behind this claim. Torque amplification is examined and it has 
been found that torque amplification is significantly decreased when high spacecraft 
angular rates exist. A control strategy, based on small incremental maneuvers 
demonstrates the advantageous torque capability of CMG systems. 
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A CMG cluster is sized for a microsatellite. This involves exploring various trades to 
optimise various parameters such as angular momentum and gimbal rates given the 
mechanical constraints of a practical system. Based on the theoretical analysis on 
CMGs it was dccidcd to usc a slightly largcr gimbal ratc than the maximum angular 
rate of the spacecraft, which will ensure torque efficiency when maneuvers are 
performed and which also be not very large to make the CMG system more 
susceptible to singularity phenomena. Simulations conducted support the CMG sizing 
methodology used. These findings assist in outlining the specifications of a CMG 
system for a microsatellite. These specifications are used in the next Chapter to design 
a practical CMG system. 
7.3 Laboratory Experiments of Control Moment Gyros for Agile 
Microsatellites 
II Although CMGs have been discussed thoroughly in the literature, there is hardly any 
data (on-orbit or ground tests) available on the performance of CMG systems. An 
integral part of this research was to develop a CMG system. Two different versions of 
a CMG were designed. The first CMG (CMG MU) confirmed the torque advantage 
of CMGs as well as confirmed the applicability of miniature and low cost COTS 
components (DC/Stepper motors, encoders, couplers, bearings). A second CMG 
(CMG MUI) was designed to match the design characteristics specified in earlier 
Chapters. A cluster of four of these CMGs is used in the pyramid configuration used 
throughout this thesis. Practical experiments confirm the potential of using such 
actuators on small satellites. Results indicate and match the theoretical results 
previously generated. Detailed experiments conducted using RWs of different 
capability and CMGs (Mk. 11), demonstrate the lower electrical power consumption of 
CNIG systems against RWs. CMGs have shown to be, in a practical way as well, to be 
efficient and high torque/angular momentum capable devices. 
7.4 Control Moment Gyro Gimbal Angle Compensation using 
Magnetic Control during External Disturbances 
CMG gimbal angIcs can potcntially dcviatc from thcir nominal position duc to 
cxtcmat disturbanccs. This can potcritially drivc the CMG systcm to a singularity. In 
order to avoid compensating this deviation with using thrusters a novcl controller was 
designed, based on the use of magnetic control. Due to the nature of magnetic control 
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the gimbal angles may slightly diverge and then converge within a range of nominal 
values. The controller is able to compensate and control the gimbal angles to a 
specified band without causing significant errors to the attitude of the spacecraft. 
7.5 Future Work 
In the due course of this research a number of findings were made. This has lead to 
the development of a new area in attitude control for small satellites that still needs to 
be explored. These are: 
1. Development of a CMG system as an experimental payload/subsystem on a 
small satellite mission. As a result of the work presented in this thesis a CMG 
experimental payload is being designed in collaboration with 
TUBITAK/BILTEN and SSTL as part of the BILSAT microsatellite program. 
Expected to be launched in May 2003, the CMG experimental payload will 
allow demonstrating in-orbit all of the discussed CMG features that make 
them attractive actuators. 
2. Development of novel, robust and practical singularity avoidance steering 
laws. Singularities are one of the biggest hurdles when operating CMGs in a 
closed-loop system. Most of the singularity laws in the literature are 
computation intense and not very robust. Based on the work of this thesis, 
new, robust and practical singularity avoidance laws are to be developed under 
contract from the European Space Agency (ESA). 
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Figure B. I: Momentum Envelope comparison of a 3-CMG system in an 
orthogonal configuration to a4 CMG system in pyramid configuration 
system with ho =0.35 Nms 
In this section, a brief comparison of a 3-SGCMG system in an orthogonal 
a) 
configuration to a 4-SGCMG system in pyramid configuration system is presented. 
Utilizing a 4-SGCMG system is more advantageous because: 
1. It has a larger momentum envelope (Figure B. 1) 
2. A 4-SGCMG can provide full 3-axis control, whereas a 3-SGCMG system can 
not (constrained by singularities) 
Figure B. 1. illustrates the momentum envelope of the two compared configurations. 
An angular momentum ho of 0.35 Nms is used (which is used in the proposed 
SGCMG under study). The 3-SGCMG system can not produce more than twice of ho, 
whereas the 4-SGCMG system has a maximum angular momentum of h,,, = ho[3.15, 
3.15,3.26]T Nms (Section 3.5). This demonstrates that there is more 'room' for the 
control system to avoid singularities using null motion as explained in Section 3.7. 
The red sphere illustrates the angular momentum requirement of ho =0.35 Nms. 
Figure B. 2 demonstrates the points made, above. A histogram of both configurations 
is presented for various configurations of the gimbal angles (0<8j<2a). The magnitude 
of the angular momenta, h, is plotted against the number of gimbal angle 
combinations (configurations). Figure B. 2a indicates that a 3-SGCMG system in 
orthogonal configuration has a different momentum distribution than a 4-CMG 
system. Figure B. 2b illustrates the larger angular momentum magnitude achieved with 
a 4-SGCMG system. 
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Figure B. 2 a and b: Histograms of the magnitude of angular momenta, h, 
against the number of gimbal angle configurations of a 3-CMG system in 
an orthogonal configuration to a4 CMG system in pyramid 
conflL-uration svstem with hfi =0.35 Nms 
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APPENDIX C 
C. 1.1 CMG MUI Component Description 
In this section, the components used in the CMG Mk. II are discussed in greater detail. 
All of these components are COTS devices. 
C. 1.1.1 Faulhaber 1525 BRE Brushless DC motor (BDCM) 
The BDCM selected for the CMG Mk. 11 was the Faulhaber 1525-012 BRE. Faulhaber 
is a well-estab Ii shed motor manufacturer designing motors for many demanding 
applications. The specific motor used has integrated electronics, which simplifies the 
whole design. Key to its selection is its small size, low cost, low power and high no- 
load speed. Table C. I lists the specifications of the motor and Figure C. I indicates the 
speed vs. torque of the motor [Faulhaber 2002]. 
Operating temperature rainge 
Shaft beatings 
Shaft load rriax.! 
shaft diameter 
radial at 3000 rpm (3 mm from mounting face) 
ajual at 3000 rpm 
axial at standstill 
Shaft play: 
radial 
axial 
Current up to (therrndl lirmts) 
Table CA: Faulhaber 1525-012 BRE BDCM specifications 
C-1 
16000 
-12000 
8000 
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500 
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MNM 15 
Figure CA: Speed vs. torque of the motor curve of the Faulhaber 1525-012 BRE 
BLDC 
C. I. I. 2 ESCAP P010/RIO Stepper Motor 
Similar to the DC motor selection, the stepper motor was selected on the basis of size, 
performance and cost. Selecting a miniature Stepper motor comes with the price of 
getting a larger angle. This can be accommodated by using a gearbox to reduce the 
step angle. Escap is a Swiss manufacture of ultra miniature, high performance motors. 
SNAP-I's Momentum wheel utilised such a small BLDC motor from Escap [Steyn 
1999]. The stepper motor selected was the Torbo Disc PO 10-020 with aR 10 gearbox 
with a 256: 1 3-stage gear ratio. Tables C. 2 and C. 3 provide the specifications of the 
POIO and RIO components and Figure C. 2 illustrates the relation between 
torque/power vs. speed for the ESCAP PO 10 stepper motor [APIMOTION 2002]. 
C-2 
15 Amal load'' N 0.5 
16 Radial shaft play (5 N) Imn 30 
17 Axial sha" play (5 N) [fin 40 
Table C. 2: ESCAP POIO Stepper Motor 
CharacterisUcs R10 *0 
7 Rearing type sleewe baMngs 
8 Max Static uxque Nrn (oz4n) 0.15(21.4) 
9 Max. rachal force 
at 8 rnm (im MOundng face N 0b) 2 (0.45) 
10 Max. axtal IC(ce N Ob) 5 (1.125) 
11 Faim for press-fit N Ob) 10 (2.25) 
12 Average backlash at no-load jo 
WAvetage backlash at 0.1 Nm 39 
14 PJKbal Play PM !s 50 
15 Axial play PM 50-150 
reciNn. 
Ratio RID*OaR 4 Is 64 256 
I No. of gem stages 1 23 4 
2 Dw. of romilon 
3 Ifficmncy 0.9 0.8 0.7 0.65 
4 Ll (MrtQ 9 12.5 16 19.5 
5 Mass 4g) 3 45 6 
6 AvailatAa vmh mowt L2- len gth vWth matof " 
Ge GGI 91 28.6 32.1 35.6 39.1 
08 GSGI *1 25.6 29.1 32.6 36.1 
POIO - 02 25.4 28.9 32.4 35.9 
Table C. 3: ESCAP R10 Gearbox 
P01 0-064-020, Us 4V. Asa 0 ohm 
Torqa VoUge ddve type UR Power 
[mNmj V4 
1.5 4j - . - , 
MIN jý 
13 
- CLIS 
O 12 1.2 L 
Y) OLO i , OLM mo CLOG 
OLM 
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Figure C. 2: Torque/Power vs. speed curve for the ESCAP PON Stepper Motor 
C. 1.1.3 Spectrol 157 Single Turn Potentiometer 
Potentiometers are an easy, cheap and quick means of getting angular position 
measurements. The potentiometers used for the MU and Mk. 11 CMGs are COTS 
devices manufactured by Spectrol. 
C-3 
MECHANICAL SPECIFICATIONS 
PARAMETER 
Bearng Type 
360 continýus 
Somo Mount FIM Flowing 
H-h, ng M. "ll s: -. H.. "ng 
To, q. e Max-. ms) STARTING RUNNING 
S-0 015- -1300q, 11 cn, ý 015w -Qoogý 
8ýshrg 0 30 oz - ir f2l 60gr, u, n) 025. -, 
Mmhancal Runouls (Miu-ims) BUSHING SERVO 
Siat Runout C 002, n ýO 05cm) 0 G02 in 10 C5m) 
P-101 6. R. noul C. 102 n 
Latera R, mut G 005,1 ;0 13-) 0 X2 (o u5cm, 
Sha:, Frd Play 0 006',, (o l5crn) 0 005 in 10 13cm) 
She ! Radial Play 0,003m (0 03c. ) 0 002 in jO 05cm) 
W. ". 1h. 1- 05 02 M-mum 114 1 Agmý 
Table CA: Spectrol 157 Single Turn Potentiometer specifications 
C. 1.1.4 Crossbow IMU 
In the following sections an Inertial Measurement Unit (IMU) is used to measure 
angular rates of rotating objects. A IMU is comprised of three gyros and threes 
accelerometers. The gyros measure angular rates and the accelerometers linear 
accelerations. The IMU300CB used in the following experiments is a COTS six- 
degree-of-freedom inertial system. It's low cost and size made it's analogue and 
digital outputs make it an easy system for integration. The GYRO-VIEW software 
provided is also another useful tool for data acquisition. All elements in tile 
IMU300CB are solid state devices. The three angular rate sensors are bulk micro- 
machined vibratory MEMS sensors that utifise Coriolis Ilorce to measure anoular rate L, 
independently of acceleration. The three MEMS accelerometers are surface micro 
machined silicon devices that use differential capacitance to sense acceleration. Table 
C. 5 illustrates the specifications of the Crossbo\,,, IMU300CB [CrossboNk 2002]. 
C-4 
Table C. 5: Crossbow IMU300CB specifications 
C. 1.1.5 SIEMENS C515 Microcontroller 
The Siemens C515 microcontroller is SSTL's standard microcontroller used for space 
applications. This microcontroller is used to command the stepper motor electronics 
to operate. The C515 is a 8-bit microcontroller that can operate with internal or 
external memory. It has a 24 Mhz external operating frequency, a 8K bute on-chip 
ROM that can be extended up to 64K of external data memory. It has 256 byte on- 
chip RAM, six 8-bit parallel 1/0 ports, one input port for analogue/digital input, three 
16-bit timer/counters and a 8-bit A/D converter. Figure C. 3 depicts the different 
functional units of the C515 microcontroller [Siemens 2002]. 
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Figure C. 3: Functional units diagram of the Siemens C515 microcontroller 
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